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A bstract
Direct reactions at intermediate energies are an important tool for studying the structure 
of weakly-bound exotic nuclei. The scattering of such nuclei has been successfully de­
scribed using few-body models with the projectile assumed to consist of a valence nucleon 
bound to an inert core which acts as a spectator during the reaction. However, there is 
evidence in the literature to suggest a collective excitation of the core is needed to explain 
the measured experimental partial breakup cross sections.
In this thesis, the projectile is modelled as a set of coupled-channels eigenstates of a 
valence nucleon weakly-coupled to a quadrupole deformed rotational core. Using this 
model a new expression is derived for the diffractive breakup of the projectile to exclu­
sive final core states within an eikonal framework. The interaction between the core and 
the target is described by a deformed core-target S  matrix that can couple together dif­
ferent rotational core states and thus provide the potential for dynamic excitation of the 
core.
Calculations for single-neutron knockout from ^^Be on ^Be at 60 MeV per nucleon are 
presented. Including the possibility of core excitation increases both the 0"^  and 2"^  par­
tial cross sections. This results in an inclusive single-nucleon knockout cross section that 
agrees with the experimental value. The increase in cross section is in reasonable agree­
ment with eikonal predictions in the literature. Calculations of partial cross sections for 
single-nucleon knockout from "^^ C on ^Be at 62 MeV per nucleon including core excita­
tion shown that the majority of the 0 "^  partial cross section for elastic breakup comes 
from breakup due to the presence of a dynamic core. Comparisons with inclusive eikonal 
calculations suggest a 4'*' core state may play an important role in the reaction.
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Chapter 1
Introduction
The properties of light, weakly-bound nuclei have been studied for a number of years. Of 
particular interest are halo nuclei. Halo nuclei were discovered by Tanihata and collabo­
rators in 1985 in experiments at Berkeley laboratory with lithium and helium beams [1]. 
They found that certain neutron-rich isotopes exhibited enhanced interaction cross sec­
tions suggesting they have larger radii than predicted by the r = relation, which
holds for stable nuclei. This led to Hansen and Jonson using the term ‘neutron halo’ 
to refer to these nuclei [2]. Further evidence for halo structures appeared in the narrow 
relative momentum distribution of ^Li after the breakup of ^^Li [3] which corresponds, 
through the uncertainty principle, to a large radius.
Halo nuclei are exotic systems that exist at the limits of stability on the proton and 
neutron drip-lines. They consist of a tightly bound core and a weakly bound valence 
nucleon(s) that spends most of its time beyond the range of the core potential giving rise 
to a large spatial extent. The valence nucleon is usually in a low angular momentum 
state relative to the core since higher values would give rise to a centrifugal potential, 
reducing the size of the halo. Halo nuclei are short lived: ®He has a half life of 806.7 (1.5) 
ms [4]. The archetypal single-neutron halo is ^^Be [5] where the halo neutron occupies 
an intruder l s i / 2  state [6 ]. Other nuclei, such as ®He and ^^Li, exhibit two neutron ha­
los and are described as borromean systems due to the fact that none of the two-body 
sub-systems (di-neutron or neutron-core) is bound and all three bodies are required for a 
bound state. Proton halos, such as ®B [7], also exist but have a lesser spatial extent due 
to the confining effect of the Coulomb barrier.
1.1 Breakup Reactions
Because of their weak binding energy, the breakup reaction channel is important when 
considering the scattering of exotic nuclei. Direct reactions involving radioactive sec­
ondary beams at intermediate energies have therefore become an important tool for 
probing the structure of short-lived exotic nuclei. In particular, experiments involving 
the removal of one or two nucleons from the projectile have proved useful for obtain­
ing spectroscopic information. These breakup, or nucleon knockout, reactions consist 
of two processes: the first is stripping, where the breakup of the projectile is inelastic 
with respect to the target (which can be excited, broken-up or otherwise absorb one of 
the projectile fragments) [8 ]. The second process is diffractive dissociation and is elastic 
breakup with respect to the target, which remains in its ground state [9]. Initial breakup 
experiments involving radioactive nuclei served mainly to confirm the halo nature of the 
projectile by the measurement of distributions of the momentum of the residue in the 
beam direction [3, 10, 11, 12]. They tended to detect only the residue (core) fragment, 
often summed over all final states, resulting in highly inclusive data containing contribu­
tions from both stripping and diffractive breakup. Later experiments measured the core 
in co-incidence with gamma rays enabling the determination of the final state of the core 
and the production of partial cross sections [13, 14, 15, 16, 17, 18, 19, 20]. This allows 
the assignment of angular momentum for single-particle configurations of the projectile 
and the extraction of spectroscopic factors. More recent experiments distinguish between 
stripping and diffractive breakup by detecting both the valence nucleon and the core 
allowing a more rigorous test of the theoretical descriptions of each mechanism [2 1 , 2 2 ].
For reaction purposes, the clustered nature of halo nuclei is best described by a few- 
body model. The scattering of a nucleus with a single nucleon in its halo is described as 
a three-body system with a two-body projectile, consisting of the core and weakly-bound 
nucleon, and a target. In this thesis, two theoretical reaction models are used to describe 
the diffractive breakup of a two-body projectile. The first approach adopted is the fully 
quantum mechanical coupled discretised continuum channels (CDCC) model in which 
the infinite number of core-nucleon relative motion continuum states are discretised onto 
a finite square integrable basis. This forms a finite set of coupled equations which can be 
solved numerically. This method was first proposed to look at deuteron breakup [23, 24] 
and later refined by the Kyushu group [25, 26]. The CDCC reaction model has been used 
to successfully model the diffractive breakup of exotic nuclei, such as ^B [27] and ^He 
[28]. It has also been seen to account for the high-low asymmetries observed in experi­
mental parallel momentum distributions of the core after the breakup of halo nuclei [29].
However, the CDCC model cannot be used to determine the stripping cross section. This 
highlights the need for exclusive diffractive breakup data.
The second reaction model used in this thesis is the semi-classical eikonal approach that 
was first applied to nuclear scattering by Glauber [30]. When using this approach it is 
assumed that, because of the high projectile energy and the slowly varying potential be­
tween the projectile and the target, the projectile follows a straight-line path as it passes 
the target. The projectile therefore has a fixed impact parameter in this region. In order 
to describe the breakup of few-body projectiles, the adiabatic approximation is employed 
[23]. The adiabatic approximations assumes that the internal motion of the projectile 
is slow compared with the motion of its centre of mass relative to the target. The con­
stituents of the projectile can therefore be treated as frozen as they pass the target and 
each of the projectile constituents has its own fixed impact parameter. Expressions for 
calculating observables within an eikonal approach clearly separate the structure of the 
projectile and the mechanism of the reaction. The effect of interactions between the 
projectile and the target enter the formalism through eikonal phase shifts. Because of 
the relative simplicity involved in calculating observables, the eikonal approach has been 
extensively used to successfully model the breakup of weakly [13, 14, 15, 31, 32, 33, 34], 
and more strongly [19, 35], bound nuclei.
1.2 The Spectator Core Approxim ation
Traditional CDCC and few body eikonal reaction models employ the spectator core ap­
proximation [36]. This assumes the core is an inert body that, at most, scatters elasti­
cally during the reaction process. The various final states of the core are assumed to be 
pre-formed in the initial wave function and thus the total breakup cross section can be 
directly related to the partial cross sections using spectroscopic factors for each bound 
configuration [17]. Although this method has been able to successfully reproduce inclusive 
experimental cross sections [16, 19, 34] there have also been discrepancies. Calculations 
of one-neutron knockout from ^^Be by Aumann et al. require an inelastic excitation of the 
^®Be core to explain the measured 2^ partial cross section [14]. A similar under-prediction 
is found in the case of ^^C where the experimental partial cross section for breakup to the 
0 *^ core state is an order of magnitude larger than obtained using a spectator-core eikonal 
approach [15]. Shell model calculations suggest there is only a very small component of 
the 0"^  core state in the ^^C ground state wave function [15] so this discrepancy may 
come from the de-excitation of the dominant 2+ core state. Further evidence comes from
work on neutron removal from ^°Be by Ashwood et al. [37]. Their data suggests a strong 
population of the 5/2“ core state. This state cannot be produced directly via a one-step 
process when a neutron is removed from the ground state of ^°Be, predominately in the 
configuration [Op3 / 2  0  3/2“ ]o+ [38]. These results suggest the core may be more than a 
spectator and highlight the need to extend current theories to include a dynamic core 
that can excite and de-excite during the reaction process.
1.3 Core Excitation
Work on including core excitation within a few-body eikonal model for the stripping 
process was carried out by Al-Khalili [39]. The core is treated as a fragment, itself 
consisting of an inner core plus a neutron, therefore allowing single particle excitations 
within the core. The inner core is still assumed to be inert in this approach and acts as a 
spectator in the reaction. It was found tha t adding these dynamical effects changed the 
stripping cross section by less than 1 0 % and suggested that the spectator core assumption 
is valid even when the spectator is itself a loosely bound system. The analogous effects for 
diffractive breakup were not examined. Work by Tostevin also used an eikonal framework 
and treated the core as a two body system of neutron and inner core [40]. Tostevin 
looked at both stripping and diffractive breakup and showed the effect of single particle 
excitations to be small in both cases. Thus, collective excitations of the core must be 
considered in order to reproduce the measured experimental cross sections. Sakharuk 
and Zelevinsky [41] adopted an eikonal approach including a deformed core in order to 
study the effect of collective excitations on the stripping cross section. The deformation 
of the core mean field is described by a Nilsson model with the valence nucleon orbitals 
strongly-coupled to the core. Their results suggested that core deformation does not have 
a significant effect on the stripping cross section. However, like Al-Khalili, they did not 
examine the effects of excitations on the diffractive cross section. In similar work within 
an eikonal approach, Batham et al. model the projectile as a valence nucleon weakly- 
coupled to a deformed core [42]. The deformation degree of freedom allows the core to 
excite and de-excite in the breakup process. This appears in the formalism through a 
deformed core-target S  matrix, which now has off-diagonal elements allowing the core to 
do more than just scatter elastically. It is shown that in light nuclei excitation of the core 
can have significant effects on the inclusive cross section (summed over all final states) for 
the removal of the nucleon by diffractive breakup. The analogous effects upon the cross 
section for nucleon removal by stripping are found to be very small. The increase in the 
inclusive diffractive cross section for breakup of ^^Be on ^Be at 60 MeV per nucleon is in
agreement with the prediction made by Aumann et al. [14]. Furthermore, the addition 
of core excitation in the case of the breakup of on ^Be at 62 MeV per nucleon brings 
the inclusive theoretical results closer to the observed experimental breakup cross section 
[15]. Following the work of Batham et al, Summers et al. have expanded the CDCC 
model to include multiple projectile configurations and add the effects of dynamic core 
excitation resulting in the eXtended CDCC model (XCDCC) [43, 44]. Like the approach 
of Batham et al, the projectile is treated as a valence nucleon bound to a deformed core 
which can be excited during the reaction process. It has a coupled-channels initial state 
which breaks up into descretised coupled-channels continuum states. Calculations of the 
breakup of ^^Be on ^Be results in partial cross sections that are in agreement with the 
experimental data [14]. The calculated partial cross sections after breakup of ^^C on ®Be 
are also closer to experiment [15] than traditional spectator core CDCC calculations but, 
as with the calculations of Batham et al, they still under-predict the experimental data.
1.4 Elastic Breakup in the Current Work
This thesis extends the successful work of Batham et al. [42]. New formalism and cal­
culations for elastic breakup, within an eikonal framework, including core excitation are 
presented. Traditional eikonal calculations for diffractive breakup, including those of 
Batham et al, employ a closure relation within the formalism to replace the infinite 
number of scattering states by one or two bound configurations. In addition to simplify­
ing the formalism, this considerably simplifies numerical calculations. The compromise of 
using such an approach is that the results produced are inclusive and information about 
the final continuum state of the projectile is lost. In order to go beyond Batham et al. 
and examine partial cross sections for elastic breakup to exclusive final core states, the 
benefits obtained using closure are ignored. Coupled-channels wave functions are used 
in both the initial and final states of the projectile thus making this work formally and 
computationally more demanding.
The plan of this thesis is as follows: in Chapter 2  a theoretical description of the breakup 
process that can occur when a weakly-bound two-body projectile is incident on a light 
target is presented. The CDCC reaction model is outlined and formulae for calculating 
experimental observables within the CDCC framework are presented. In Chapter 3 this 
(spectator core) CDCC model is used to look at the elastic breakup of ^^Be on ^^C at 
67 MeV per nucleon. The effects of the choice of core-target and neutron-target inter­
actions on the relative energy spectra and core angular distributions are examined. The
theoretical results are compared with the experimental data of Fukuda et al [21]. In 
Chapter 4 the eikonal reaction model for point particles is developed and extended to the 
few-body eikonal reaction model by way of the adiabatic approximation. Formulae for 
calculating experimental observables using the few-body eikonal model are presented. In 
Chapter 5 formalism for going beyond the spectator core approximation by including core 
excitation within an eikonal framework is developed. A formula for calculating the cross 
section for diffractive breakup to exclusive final states of the dynamic core is derived. In 
Chapter 6  the numerical approach for solving this formula is presented. In Chapter 7 
calculations for the elastic breakup of ^^Be on ^Be at 60 MeV per nucleon, using this new 
formalism, are presented. The parameters used are those of Batham et al. [42]. This 
calculation therefore serves as a check of the consistency of the two models within an 
eikonal framework and gives an opportunity to compare the new exclusive results with 
experimental partial cross sections [14]. Comparisons are also made with the XCDCC 
calculation of Summers et al. [43, 44]. In Chapter 8  calculations of the elastic breakup 
of ^^C on ^Be at 60 MeV per nucleon are presented. The partial cross sections are again 
compared with experiment [15] and theoretical calculations [42, 44]. Conclusions and 
suggestions for future work are given in Chapter 9.
Chapter 2 
A Coupled-Channels M odel of 
Breakup
This Chapter introduces a theoretical description of the breakup process that can occur 
when a weakly bound projectile is incident on a light target. The relative co-ordinate 
system and Schrodinger equation used to describe the scattering of a two-body (core and 
valence nucleon) projectile by a target are presented. The formalism for breakup using the 
CDCC reaction model is then outlined and equations for calculating observables within 
a CDCC framework are given.
2.1 Nucleon Knockout Reactions
Single-nucleon knockout reactions are direct processes that occur at high energy. A pro­
jectile has a peripheral collision with a light target causing a nucleon to be removed (from 
the projectile). The high energy of the projectile, and hence short wavelength, means the 
reaction is very sensitive to the region of interaction. Nucleon knockout reactions consist 
of the two processes illustrated in Figure 2.1:
• diffractive breakup - elastic breakup of the projectile with the target remaining in 
its ground state.
• stripping - the valence particle is removed from the projectile by inelastic collision 
with the target. The target can be excited, broken up or otherwise absorb the 
nucleon.
X N,
diffractive breakup
, / Q ------------ Q
\ lO  - /--------X X
Qt
Q v
stripping
Œ Q: 'Q
\
\  vQ /
Q
Figure 2.1: Diagrammatic representations of stripping and diffractive
breakup.
Detecting the residue (core) provides a cross section inclusive of stripping and diffractive 
breakup to all final states of the projectile, e.g. [3, 10, 11, 12]. Partial cross sections 
can be obtained by measuring co-incidences with Doppler-shifted, in-ffight gamma rays 
enabling identification of the final state of the core [13, 14, 15, 16, 17, 18, 19, 20]. Fur­
thermore, if both the core and valence nucleon are detected then stripping and diffractive 
cross sections can be distinguished [21, 22]. Although this is experimentally more chal­
lenging, it is a worthwhile venture as theoretical descriptions of diffractive breakup are 
more developed (e.g within a CDCC framework) than those of stripping and it therefore 
allows a more rigorous comparison of theory and experiment.
The fact that the core survives the interaction with the target and ends up with a mo­
mentum close to that of the beam suggests that single-nucleon knockout is a peripheral 
process which probes mainly the asymptotic part of the projectile wave function [45]. The 
stripping cross section is highly dependent on the geometry of the system and generally 
dominates the diffractive cross section [17]. In halo nuclei diffractive breakup is an impor­
tant process as tidal forces can elastically break up the projectile. These two processes 
lead to distinct final states and are incoherent, meaning the single-nucleon removal cross
Projectile
Target
Figure 2.2: Relative co-ordinates for the projectile, consisting of a core and 
valence nucleon, and target three-body system.
section is a simple sum of these cross sections
—  C s tr  +  CTdiflt- (2 .1)
To evaluate the cross section to a particular final core state the spectator core approx­
imation is traditionally employed [36]. It assumes any final core states are pre-formed 
in the initial projectile. The core can interact elastically with the target but remains in 
the same state as inelastic excitations are excluded. In this picture, the cross section for 
removing a single nucleon and leaving the core in final state is thus [17]
(2 .2)
where a^in{nij, B) is the theoretical cross section for removing a single nueleon with 
principal quantum number n and orbital angular momentum relative to the core of I 
(which couples with the nucleon spin to give j).  The remaining term, C‘^ S{nij, J^), is the 
appropriate spectroscopic factor containing information about the many-body structure 
of the projectile. It expresses the parentage of the initial state n£j with respect to the 
final state /^. The effective binding energy, B, of the removed nucleon is given by the 
sum of the nucleon ground state separation energy and the excitation energy of the final 
state of the core, B  = Sn ^  .
2.2 Few B ody M odels
It is particularly appropriate to treat the scattering of weakly bound nuclei using few- 
body models. This allows the inclusion of information about the internal structure of the 
projectile and the degrees of freedom of its constituents. The scattering of a two-body 
composite projectile (core and valence nucleon) from a structureless target is considered 
with a three-body model. The relative co-ordinates for this model are shown in Figure
2.2. The position of the centre of mass of the projectile relative to that of the target is
given by R. The position of the valence nucleon relative to the core is given by r. The 
core-target and valence-target vectors can be defined as
Rc =  R - — r  (2.3)
mp
R . =  R + — r, (2.4)
mp
where rriy is the mass of the valence particle, rric the mass of the core and the total mass 
of the projectile is mp = my + The Schrodinger equation satisfied by the scattering 
wave function of the three-body system, in the centre of mass (cm) frame with wave 
vector Ko is
( g - g ) % , ( R , r )  =  0. (2.5)
Where E  is the total energy of the system. The Hamiltonian for this system can be 
written as a sum of three terms
H  = Tr + Bpt(R, r) -b Bp. (2.6)
The first term in (2.6) is the cm kinetic energy, described by
where fipt — mpmt/{mp -b rrit) is the reduced mass of the projectile target system and 
rrit is the mass of the target. The second term in the three-body Hamiltonian (2.6) is
a potential term and describes the two-body effective interactions of the constituents of
the projectile with the target
ü p t(R ,r)=  y 3 v^.,(R,r). (2 .8 )
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The final term in (2.6) is the internal Hamiltonian of the projectile
ffp =  - ^ V "  +  Kc(r), (2.9)
where =  myrric/mp is the reduced mass of the valence core system. The bound 
eigenstates of Hp satisfy the equation
(Hp€i)(l)i = 0 , (2 .1 0 )
where (pi are the bound state wave functions of the projectile with eigenenergies q  and 
the case i =  0 represents the ground state. There are also an infinite number of scattering 
states of the core and valence nucleon that satisfy
{Hp -  6 k)<^ k =  0 , (2 .1 1 )
where 0 k are the scattering state wave functions of the projectile with eigenenergies Ck 
and k  is the relative wave vector between the core and valence nucleon. The exact wave 
function can be expressed as a complete set of eigenfunctions of the projectile Hamiltonian
^Ko(R, r) =  0o(r)wo(R) +  ^  0^r)w i(R) +  f  dk0k(r)wk(R), (2 .1 2 )
where the subscript 0  denotes the elastic channel, i denotes bound excited channels and 
k  denotes continuum channels. The motion of the projectile relative to the target is 
described by w(R) for all the respective channels.
2.3 Coupled Discretised Continuum Channels R eac­
tion M odel
CDCC calculations provide an accurate description of diffractive breakup of a two-body 
projectile [24, 25, 26]. The method has been used to study the breakup of weakly bound 
nuclei that occur near the driplines [27, 28]. The CDCC method only calculates diffractive 
breakup. Calculation of stripping is less developed and no fully quantum mechanical 
calculations are currently available. In order to include breakup to the continuum within 
the CDCC reaction model, the infinite number of projectile scattering states are truncated 
and discretised to form a finite number of bin states. Careful choice of the model space 
is necessary to ensure the calculation converges.
11
20MeV
-0.504
11 Be ^1 / 2  Pl/ 2  Ps/ 2
Figure 2.3: Diagrammatic representation of a section of the CDCC model 
space for ^^Be. To the left is the continuum of projectile energies, which is 
discretised on the right. The arrows represent examples of possible couplings.
2.3.1 CDCC M odel Space
The breakup of a two-body projectile consisting of a core, of spin I  and projection /x, 
and a nucleon, of spin s and projection a, is considered. The relative orbital angular 
momentum between the core and the nucleon is £ with projection A. The relative orbital 
angular momentum and the nucleon spin couple to j  with projection m. The internal 
wave functions of the (structureless) core and neutron are and respectively. The 
total spin of the projectile is J  with projection M. The incident wave vector of the 
projectile in the em frame of the projeetile and target is Kq and the beam direction is 
chosen to be the z axis. The separation energy of the projectile is cq.
In order to include excitation of the two-body projectile into the continuum (breakup) 
within a coupled-channels formalism, the core-valence k continuum is divided into N  
discrete bins each of width =  [ki — ki^i\. The bins are truncated to a maximum 
relative energy and angular momentum. An example model space for a ^^Be projectile 
is shown in Figure 2.3. Each relative motion bin state, a  =  (f, £^  s, j, 7, J ), is represented 
by a normalised square integrable wave function
lM (r) = ^(7As(T|jm)(jm7/x|JM)}7A(r)Xa(7%//,
Xamfj,
^a(r) (2.13)
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where the radial functions Ua[r) are themselves a square integrable superposition of scat­
tering states, fa{k,r)  within the bin, multiplied by a weight function ga{k)
=  a / - ^  /  9a{k)fa{k,r)dk. (2.14)
ttN,
The angular momentum bins are labelled by i and the functions fa{k,r)  are eigenstates
of Hp. The normalisation factor is
Na = [ '  \go.{k)?dk. (2.15)
J ki-i
The r) are defined here such that for r  — oo,
fa{k,r) [cos 6a{k)Fi{kr) -b sin 5a{k)Gi{kr)], (2.16)
where k  is the bin wave number, ôa is the nuclear phase shift and F^ikr) and Gi{kr) are
the regular and irregular partial wave Coulomb functions. The weight function is chosen 
to be Qaijk) =  1  except for s wave bin states where it is convenient to choose ga[k) = k 
[27]. Each discrete bin state can be assigned an energy
Ga =  {4>a\Hp\(i)cc) ■ (2.17)
Using energy conservation, the asymptotic wave number 77 ,^ associated with the cm 
motion of the excited projectile is therefore
The CDCC approximation to the exact three-body wave function (2 .1 2 ) can now be 
expressed as an expansion in terms of the bins states generated from the eigenstates of 
Hp [46]
(R ,r) =  ; ^ 4^^(r)w .(R ), (2.19)
a = 0
where the set of states 4>a includes the ground state, any bound excited states of the 
projectile and the discrete bin states. The cm motion of the projectile, excited into the 
various bound and unbound states, is given by the projectile-target radial wave func­
tions Wa(R). These radial wave functions are solutions to the projectile-target few-body
13
Schrodinger equation in coupled-channels form
[Fa — Tr — (2 .2 0 )
where the coupling potentials are
V^piR) = {MU^(R,r)\<t>f,) (2 .2 1 )
OO
=  {< t> a \Y ,^p tA R F )P ,(R -i) \M ,  (2 .2 2 )
q=0
where Pg(R-f) are Legendre polynomials. The energy of each channel is the total energy 
of the three body system minus the average bin energy, F^ = F  — Cq,.
In this thesis, the code f r e s c o  [47] is used to construct the bin states (2.13) and solve the 
few-body Schrodinger equation in coupled channels form (2 .2 0 ). The coupling potentials 
(2.22) are calculated using a multipole expansion (where q is the multipole order). The 
multipole order and the maximum range of the projectile internal co-ordinate are trun­
cated to Qmax and Thin respectively. The projectile-target wave functions are truncated to 
a maximum partial wave (L) with a matching radius of r a s y  Using FRESC O  to solve the 
few-body Schrodinger equation in coupled channels form (2.20) results in the scattering 
amplitude, Pm'm(Kq :)5 for exciting the projectile from initial state J M  to final bin state 
J 'M '  as a function of the angle. Or, of the cm of the projectile in the cm frame [27]. The
scattering amplitude is summed over projectile-target partial waves and the cm wave
vector of the final bin state is K q,. The T-matrix gives the two-body inelastic amplitude 
for the transition between these states. It is related to the scattering amplitude by
T S 'm (KO =  (2.23)flpt V
The T-matrix is normalised such that the asymptotic incoming plane wave states are 
multiplied by unity.
2.3.2 CDCC Observables
The inelastic two-body T-matrix amplitudes (2.23) must now be related to amplitudes for 
breakup to a general three-body state with cm wave vector K  and core-valence relative 
wave vector k. The prior form breakup T-matrix is written using the CDCC approxima-
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tion to the exact three-body wave function as
(2.24)
The final state of the projectile is (pi^ a^ with asymptotic core and neutron spin projections 
of fj, and a  respectively. Inserting the (assumed) complete set of bin states gives
T^,;M(k,K) =  (2.25)
aM'
where the sum over a  runs over all the bin states containing wave vector k. The matrix
elements on the right of (2.25) are the inelastic two-body T-matrix elements (2.23),
obtained by solving the coupled-channels Schrodinger Equation (2.20), calculated on a 
grid of 9a and values. Evaluating ( 0 ^ ( r ) |0 ^ ')  [27], the T-matrix can be written as
T^,,M(k,K) = 9 5 ^ Y ,(^ if (^ a sa \jm )[ jm I ii\J ’M')
X exp(2^a(A;))}^A(^)pa(Q2MM/(«,K), (2.26)
where
Tm 'm {c(, K) =  exp(i[M -  M'jcpR) (2.27)
V K
The phase shift, ôa{k), is the sum of the nuclear and Coulomb phase shifts, 5a{k)-\-aa{k). 
The value of for a given K, is obtained by interpolating T^j^,(a^Ka). The
phase factor in (2.27) is to convert the amplitudes from a co-ordinate system where the x- 
axis is in the Kq-Kq, plane (such that the azimuthal angle 0 i^^=O), to a coordinate system 
defined with respect to the position of the detectors in the lab frame. The azimuthal angle 
4>k  is defined relative to the chosen T-axis. The breakup triple differential cross section 
is related to the breakup T-matrix by [48]
d^ CF   ‘^ '^9'pt 1
dEcdVtcdVly K q 2c7 -f- Y E  |7 ) .,;M (k ,K )|y (% ,n „ % ), (2.28)
p a M
where p(Bc, He, Q^) is the density of states for the frame of interest. This can be converted 
into core-valence relative co-ordinates [49].
dPa d^a
dEj-ei dQj-ei dOREL dE(Æl(.9Ely
IJ'vc Pre\ k^pt PREL
mcPcnriyPy
dE
(2.29)
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where
dE
dE„
J _
TUt
Pv(P -P t) ' (2.30)
The lowercase subscript rel denotes the motion of the cm of the core relative to the valence 
particle. The uppercase subscript REL denotes the motion of the cm of the projectile 
relative to the cm of the target. The momentum of body i is pi and the total momentum 
of the three-body system is P.
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Chapter 3 
CDCC Calculations for the Elastic 
Breakup of Be
In this Chapter CDCC calculations for the elastic breakup of ^^Be on ^^C at 67 MeV 
per nucleon are presented. The ^^Be projectile is modelled as a neutron weakly-bound 
to an inert ^°Be(0+) core and thus the spectator core approximation [36] is employed. 
The effect of choice of core-target and valence-target potentials on the relative energy 
spectra and angular distributions of the core is examined. The theoretical calculations 
are compared with the experimental data of Fukuda et al [21].
^^Be is a neutron rich nucleus with a single neutron in its halo. Evidence for its halo 
structure comes from large interaction radius measurements [50] and a narrow distribu­
tion of the momentum of the core after breakup [11, 14]. Its ground state is known to 
be a 1/2+ even parity intruder from the sd shell [51, 52]. This is shown in Figure 3.1. 
There is an excited 1/2“ bound state at 320 keV that is also a halo state. Each of these 
bound states has around 90% probability for finding the halo neutron beyond the 2.36 fm 
radius of the core [53]. The strong 0.1 fm^ E l  transition between the 320 keV excited
7F T]
 ©   1 ^1 /2
— 8 — 8 —  0 - 0  O  O  Ops/ 2
 0—0---- ----0—0----- Osi/2
Figure 3.1: Shell-model levels occupied by the nucleons in our description of 
the ^^Be ground state.
17
V^ =even f^=odd a To
(MeV) (MeV) (MeV fm2) (fm) (fm)
62.52 39.74 5.25 0 . 6 1 . 2
Table 3.1: Parameters used in Equation (3.1) and (3.2) to describe the ^®Be+ 
n projectile interaction.
1 / 2 “ bound state and the ground state can be understood by describing the two states 
by single-particle wave functions and integrating the relevant matrix elements to a large 
radii [6 ].
For reaction purposes, ^^Be has been successfully modelled as an inert ^°Be(0+) core 
bound to a la i / 2  valence neutron with a separation energy of around 0.504 MeV [29, 54]. 
However calculations predict varying amounts of an admixture of [Od (g) 2+] 1/ 2 + in the 
ground state with spectroscopic factors for this configuration ranging from 0.07 to 0.4 
[55, 56] This is discussed further in Chapter 7. There is also evidence tha t an inelastic ex­
citation of the core (that cannot be included in this spectator core calculation) is needed 
in order to reproduce the experimental cross sections [14, 57]. In addition to these bound 
states, the experimental data display unbound resonant states in the ^°Be -|- n continuum 
[21]. The quality of this exclusive data and the use of the light target mean this provides 
a good test of the CDCC reaction model.
3.1 Core-Valence Potential
The core-valence interaction is modelled as a combination of two terms: Vycix) = Vent(^)+ 
Vis{r). The first term is a parity dependent Woods-Saxon potential
=  1  +  exp[(p^f % )/«] ’
where Vi is the depth of the potential, R q = is its radius and a is its diffuseness.
The second is the spin-orbit part of the potential with the form
This is a surface potential and has the effect of splitting spin orbit partners. The potential 
parameters (shown in Table 3.1) are taken from [54] where they are chosen to reproduce
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Et\v Eexp
(A) (MeV) (MeV)
l5i/2 -0.504 -0.504(6)
Opi/ 2 -0.184 -0.184(7)
Ods/ 2 1.274 1.274(18)
Table 3.2: Experimental (E'exp) ^°Be +  n bound and resonance energies [58] 
to which the theoretical (E'th) values are fitted. The theoretical energies are 
produced using the parameters from Table 3.1.
the main features of the ^°Be +  n energy spectrum. They reproduce the experimental 
energies for the bound (intruder) l s i / 2  and Opi/ 2  states as well as the unbound Ods/ 2  
resonance. The theoretical and experimental energies are shown in Table 3.2. It is 
expected that the separation energy of the Ops/ 2  state would be about -6.812 MeV, the 
separation energy of a neutron from ^°Be. These parameters bind the Ops/ 2  state at -3.1 
MeV and the Osi/ 2  state at -32.7 MeV. However, both these states are occupied by the 
core neutrons and are expected to have a small effect on the reaction. The parameters 
also produce a broad 6 ^3 / 2  resonance at around 5 MeV with a width of 3.9 MeV. This 
feature does not represent a physical structure and does not occur in the energy region 
of interest.
3.2 Projectile-Target Potentials
The first choice of ^^Be core-tar get potential is the parameterisation used by Al-Khalili, 
Tostevin and Brooke (ATB) to fit elastic scattering of ^^Be on at 57 MeV per nu­
cleon up to cm scattering angles of the order of 10° [59]. The same projectile and target 
nuclei and the similar beam energy mean that, assuming the energy dependence of the 
potential is small, this should be a good choice. The second core-target potential is the 
parameterisation of Chatter]ee (RPP) [60], used to fit the scattering of ^°B on at 18 
MeV. The use of a different projectile and a much lower beam energy mean tha t this 
is a less valid choice but, as in [54], it is used as a test of the model sensitivity to the 
core-target potential.
Three different neutron-target interactions are used. In the first case the interaction 
is modelled with a Becchetti Greenlees (BG) parameterisation [61]. These optical model 
parameters were developed to fit elastic scattering in the target mass region A >  40 for 
energies E <  50MeV and therefore may be a less valid choice than the other neutron-
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Figure 3.2: Experimentally measured reaction cross section data points for 
protons [65] and for neutrons [6 6 ] on
target potentials used. The second choice is the potential developed by Comfort and Karp 
(CK) to reproduce the elastic scattering of protons on ^^C over a range of energies up 
to 185 MeV. The parameter come from [54] and are produced by linear interpolation of 
the Comfort and Karp parameters. Assuming the isospin dependence is small, then this 
should be a good choice of potential. The final potential used is the microscopic nucleon- 
nucleus interaction of Jeukenne, Lejeunne and Mahaux (JLM) [62]. It is calculated with 
code of Tostevin [63] using a Hartree-Fock target matter density with real and imaginary 
scalings of 1 . 0  and 0 . 8  respectively and using a mid-point local density approximation 
[64]. It has the advantage that is the only potential which contains information about 
the structure of the target.
Figure 3.2 shows the experimentally measured reaction cross section data points for pro­
tons [65] and for neutrons [6 6 ] on ^^C. The difficulty in measuring neutrons mean that 
the data points are few, and they have large errors. The proton data is much more accu­
rate and is therefore used to examine the choice of neutron-target potentials. Analysis of 
nucleon on ^^C reaction cross sections produced using these different optical models has 
been performed by Tostevin [67]. It suggest that the BG and CK approaches overestimate 
the amount of breakup. It also suggests that the JLM model, with real and imaginary 
scalings of 1 . 0  and 0 . 8  respectively, under predict the cross section .
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Figure 3.3: Contributions from each partial wave to the CDCC breakup cross 
section as a function of relative energy using the ATB core-target and BG 
neutron-target potentials.
3.3 M odel Space
The present calculations assume a model space that includes ^°Be-neutron relative motion 
channels with j'^ =  1 / 2 + through 7/2“ , each with relative energies up to 20 MeV. The 
s\/2 , Pi/ 2  and Ps/ 2  channels each consist of 20 bins evenly spaced in the k continuum. The 
di/2 , h / 2  and channels are chopped into 1 0  bins evenly spaced in the k continuum. 
In order to fully describe the dg/g resonance that appears near an excitation energy of
1.8 MeV [21], bins of 0.1 MeV are placed between 0.5 and 2 MeV. In total there are 30 
bins for the ds/ 2  channel which, away from the resonance, are roughly evenly spaced in 
the k continuum. The continuum bin radii is truncated at =  60 fm and a maximum 
multipole order of q^ax =  3 (2.22) is used. These are typical values [27]. For the projectile 
target relative motion wave functions partial waves up to L =  1 0 0 0 0  are included with a 
matching radius of r^sy =1000 fm [6 8 ]. It is found that the partial waves over L =  1000 
have little effect on the integrated cross section and only have a small effect on the 
relative energy spectra. They do, however, have an effect on the amount of breakup 
to very forward angles and are thus included. The CDCC observables presented are 
calculated from FRESCO scattering amplitudes [47] with code by Tostevin [69].
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Figure 3.4: Contributions of nuclear and Coulomb breakup as a function of 
relative energy using the ATB core-target and BG neutron-target potentials.
3.4 Relative Energy Spectra
The contributions to the CDCC breakup cross section from each partial wave to the rel­
ative energy spectrum is shown in Figure 3.3 for the ATB core-target potential and the 
BG neutron-target potential. The largest contributions come from breakup to p^ / 2  and 
^5 /2  breakup states. The pz/ 2  contribution is peaked at around 0.5 MeV producing the 
shoulder on the total distribution. The d^ / 2  contribution produces the resonance peak. 
This has a large effect on the relative energy spectrum and illustrates the importance 
of the choice of Hp on observables. It will be seen that the breakup to ps/ 2  is Coulomb 
dominated and therefore very forward peaked, meaning careful folding is necessary for 
accurate comparison with data. There is a small amount of breakup to Si/ 2  and pi / 2  
states which are peaked at low energy. The d^ / 2  contribution is smoothly varying with 
a maximum at around 3 MeV. The contribution of breakup to relative /  wave states 
follows the same pattern as the dg/ 2  but at about half the magnitude. It is not shown on 
the Figure for clarity.
Figure 3.4 shows the contributions of nuclear and Coulomb breakup to the CDCC breakup 
cross section as a function of relative energy for the ATB and BG potentials. It can be 
seen that Coulomb breakup has the effect of increasing the cross section for breakup 
to low energies (<1 MeV) and has little effect on the resonance and higher energies. 
Coulomb breakup is mainly to p states. This is consistent with findings from theoretical
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Figure 3.5: CDCC breakup cross section as a function of relative energy, using 
the ATB core-tar get potential and the various neutron-target potentials.
studies of the Coulomb breakup of ^^Be [70] and can be seen by comparing Figure 3.4 
and Figure 3.3.
The choice of optical potentials is expected to have a large effect on the cross section 
for elastic breakup of ^^Be on ^^C. The CDCC breakup cross section as a function of 
relative energy, using the ATB core-target potential and the various neutron-target po­
tentials, is shown in Figure 3.5. All the curves exhibit the same shape and are simply 
scaled depending on the interaction chosen. As expected from Figure 3.2, the BG inter­
action produces the most breakup and the JLM the least.
As seen in Figure 3.6, the choice of the core-target interaction has a larger effect on 
the shape of the distribution than the choice of the neutron-target interaction. There is 
more breakup to lower relative energies, adding to the height of the shoulder, and less 
breakup to higher energies. This suggests the RPF potential produces more Coulomb 
breakup and less nuclear breakup than the ATB potential. As stated previously, the ATB 
potential is more suitable choice for this reaction than the RPF interaction.
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Figure 3.6: CDCC breakup cross section as a function of relative energy, using 
the BG neutron-target potential and the various core-target potentials.
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Figure 3.7: Contribution of each partial wave to the CDCC breakup cross 
section in the energy range 0 < F'rei < 0 .2  MeV as a function of the scattering 
angle of the ^°Be -F n cm system using the ATB core-target and BG neutron- 
target potentials.
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Figure 3.8: Contribution of partial waves to the CDCC breakup cross section 
in the energy range 1.2 < Erei < 1.4 MeV as a function of the scattering angle 
of the ^°Be +  n c m  system using the ATB core-target and BG neutron-target 
potentials.
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Figure 3.9: The effect of the choice of optical potentials on the CDCC 
breakup cross section in the energy range 0  < Erei < 0.2 as a function of 
the scattering angle of the ^°Be +  n cm system.
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Figure 3.10: The effect of the choice of optical potentials on the CDCC 
breakup cross section in the energy range 1.2 < < 1.4 as a function of
the scattering angle of the ^°Be +  n cm system.
3.5 Angular D istributions
The contributions to the CDCC breakup cross section from each partial wave (as a func­
tion of the scattering angle of the ^°Be+n cm system) using the ATB core target potential 
and the BG neutron target potential are shown in Figures 3.7 and 3.8 for cuts in relative 
energy of 0 - 0.2 MeV, the structureless continuum, and 1.2 - 1.4 MeV, the d^ / 2  resonance, 
respectively. The characteristic diffraction pattern is seen, caused by interference of the 
outgoing waves. As seen in Figure 3.3 the low energy cut contains breakup to p wave 
states and the cut on the resonance is predominantly breakup to d wave states. In each 
angular distribution the very forward angles are dominated by p waves, this is largely 
Coulomb breakup. This illustrates why careful convolution is needed at forward angles 
before comparison with data can be made.
The total breakup cross sections as a function of angle for the same two cuts are shown 
for different combinations of the core-target and neutron-target interactions in Figures
3.9 and 3.10. It can be seen that the choice of neutron-target interaction has very little 
effect on the shape of the distribution and only slightly changes the magnitude of the 
result. Although the two (ATB and RPF) potentials give similar results for very forward 
angles (< 2°), the choice of core-target potential has a large effect on the amount of 
scattering to larger angles changing the positions of the resulting maxima and minima.
26
1e+05
0 < E_, < 0.2MeV
1e+04
1e+03
total
c/5
E
Lu" 1 e+ 0 2•o
g
g
1e+01
1e+00
0 2 4 6 8 0 2 4 6 8 10
8cm (deg) 8 c m  (deg)
Figure 3.11: Angular distribution for (left) 0 < F'rei < 0.2 MeV corresponding 
to the structureless continuum and (right) 1.2 < < 1-4 MeV correspond­
ing to the region containing the dg/g resonance. The theoretical calculation 
uses the ATB core-target and BG neutron-target potentials. The experimen­
tal data is from [2 1 ].
3.6 Comparison with Experim ental D ata
Figure 3.11 shows the theoretical angular distributions using the ATB and BG potentials, 
convoluted with the Gaussian experimental angular resolution of FWHM 0.48° [21]. The 
left hand angular distribution is for a relative energy cut of 0 < Erei <  0.2 MeV, below 
the ds/ 2  resonance. As expected from Figure 3.3, this distribution is dominated by the 
£ =  1 transitions. The right hand angular distribution is for the energy cut 1.2 < Erei <
1.4 MeV, where the d^ / 2  resonance dominates. Although the maxima and minima of 
the experimental distribution are mostly seen in the calculation, the cross section is not 
reproduced in detail. This may suggest an incorrect admixture of  ^=  1 and 2 transitions 
within the present model.
A comparison of the GDCG breakup cross section with the data is shown in Figure 
3.12, as a function of relative energy, for the ATB and BG potentials. The theoret­
ical cross sections have been folded with the Gaussian experimental energy resolution 
(FWHM 0 .4 5 \/^ )  to be compared with the data. The folding of energies has the ef­
fect of broadening the <^5 / 2  resonance peak and shifting it to lower energy. The GDGC
27
0.04
Nuclear + Coulomb 
Nuclear Only
0.03
0° <
0.02
LU"D
■a
0.01
.QO O
CO O
1 2 30 4 5
E., (MeV)
Figure 3.12: CDCC (using ATB and BG potentials) and experimental [21] 
cross sections as a function of relative energy.
cross section under-predicts the dominantly Coulomb breakup at small angles. It should 
be noted that these results are sensitive to the folding with the experimental angular 
resolution because the angular distributions are very forward peaked. The CDCC cross 
section overestimates the nuclear plus Coulomb cross section below 1.5 MeV (as seen 
previously to be mainly p wave Coulomb breakup) and above 3.5 MeV. The shape of the 
distribution shows reasonable agreement with the data except for the broad resonance 
around Ej.q\ =  2.88 MeV [21]. The spin and parity of this state are unclear. In the 
compilation of A =  11 — 12 energy levels (1990) this state was assigned a spin-parity of 
= {1/2,3/2,5/2+} [58]. However, data from transfer reactions [71] and beta delayed 
spectroscopy [72, 73] has been used to assign the state J'^ =  3/2". Recent ah-initio shell 
model calculations [74] support the prediction that either the 2.88 MeV or the 3.38 MeV 
state is 3/2+ however they also observe three low-lying 3 /2“ states. DW BA calculations 
by Fukuda et al. [21] show the experimental angular distribution for breakup to the 2.88 
MeV state is well described by an  ^ =  2 transition and rule out the 3 /2“ assignment. 
Fukuda also finds that comparison of the deformation length and energies extracted from 
the DW BA calculations with shell model calculations leads to a spin-parity assignment 
of 3/2+.
The uncertainty surrounding this assignment means the projectile Hamiltonian is not 
chosen such that this resonance is reproduced. If the assignment is 3/2+, the projectile 
Hamiltonian could have been chosen such that the Ods/ 2  unbound state manifested as a
resonance at 2.88 MeV. However this would not have been physical as this structure is 
predicted to have a large 2+ core contribution [21] which is not included in this simple 
description of the projectile. An under-prediction of the cross section of ^^Be breakup 
is consistent with the eikonal spectator core calculations of Aumann et al where it is 
necessary to include an estimate of the excitation of the core in order to agree with 
experimental results [14]. Results from proton scattering on ^^Be in inverse kinematics 
also find that CDCC calculations under predict the data and suggest an active ^°Be core 
may play an important role in the breakup process [57] (it should be noted that this work 
uses the approximate one-bin limit when examining the scattering angular distributions). 
Such excitations of the core are not present in this inert core calculation and this high­
lights the need to go beyond the spectator core approximation when performing breakup 
calculations.
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Chapter 4
The Eikonal Reaction M odel
In this Chapter the eikonal formalism for the scattering of a point particle from a struc­
tureless target is developed. This is extended to look at the scattering of composite 
projectiles using the few-body model, described in Chapter 2, and the adiabatic ap­
proximation [23]. The formulae for reaction observables within the eikonal framework 
are presented. In Chapter 5 these ideas are extended to include dynamic excitation and 
de-excitation of the core cluster in the elastic breakup of a two-body composite projectile.
Eikonal theory is a semi-classical approach that was first applied to nuclear scattering 
by Glauber [30]. It assumes that, because of the high projectile energy and the slowly 
varying potential between the projectile and the target, the projectile travels a straight 
line path through the potential at a fixed impact parameter. It therefore works best 
for scattering to forward angles. Eikonal theory has also been shown to work well for 
breakup reactions involving weakly-bound nuclei [13, 14, 15, 31, 32, 33, 34].
4.1 Eikonal M odel for Point Particles
The scattering of a point projectile and target is considered. The relative energy between 
the two bodies in their cm frame is E  and they interact through a potential 4^^(R), as 
illustrated in Figure 4.1. The z-axis is chosen to be along the incident cm wave vector, 
Kq and the perpendicular distance between the cm of the projectile and z-axis is the 
impact parameter, h. The distance between the cm of the projectile and target is R . The 
eikonal approximation is valid when the wavelength of the projectile is short compared
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target
Figure 4.1: Coordinate system for the point particle eikonal reaction model.
The projectile travels parallel to the z-axis with incident wave vector Kq and 
impact parameter b.
with the distance over which varies appreciably [30]. This can be written as
JToo:>:> 1, (4.1)
where a is the diffuseness of the interaction potential. The eikonal approximation also 
requires that the scattering energy greatly exceeds the absolute magnitude of the potential 
Vo, TA
(4.2)
If the potential varies slowly compared with the incident wavelength, the eikonal wave 
function is written as the product of a plane wave and a modulating function p(R) which 
carries all information of the effects of l^^(R)
>I'k„(R) =
Substituting this into the Schrodinger equation (2.5) yields
[2iVs(R).Ko -  ^4Ç,t(R)5(R) + V^5(R)]e*»-^ = 0.
(4.3)
(4.4)
For large Kq and slowly varying potentials the term V^g'(R) can be neglected as it should 
be small compared to 2iVp(R).Ko. This results in a first order differential equation
^P(R) V^t(R)g(R). (4.5)
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For a central potential, (4.5) has the standard solution
g{R) = exp J  Vpt{R)dz'^ , (4.6)
where it is assumed g{R) ^  1 as z —> —oo i.e. an incoming plane wave. The radial co­
ordinate is R  = V P " + ^  and z' is a dummy integration variable. Substituting back into 
the original expression (4.3), the eikonal approximation to the wave function is therefore
«■ko (R) =  exp (iK o.R -  ^  £  V ^ ( R ) d À  , (4.7)
where the classical incident velocity in the cm frame is v = UKo/jipt. It can be seen 
from (4.7) that the modulating function has the effect of changing the phase of the 
incident plane wave. Equation (4.7) involves integration along the direction of the incident 
projectile and thus assumes the effects of the potential Vpt are taken into account by 
assuming the projectile follows a straight-line. The asymptotic form of the scattering
wave function is the sum of the incident plane wave and outgoing spherical waves with
amplitude / ( K q,K q) [75],
piK'^R
^>Ko(R)R^cc^e*‘>'^  +  /(K i,K o )— , (4.8)
where Kq is the incoming wave vector and Kq is the outgoing wave vector and the angle 
between them is 9. The eikonal scattering wave function has incorrect asymptotics as 
it does not look like a plane wave plus outgoing spherical waves at i? oo. In order 
to calculate reaction observables the eikonal wave function is used within a transition 
matrix element and so its incorrect asymptotic behavior is not a problem since the finite 
range of the potential kills off the matrix element at large distances [46]
T(K'o, Ko) = (e* “'^Vp*(R)|3'f„>. (4.9)
The exact expression for the elastic scattering amplitude is therefore
/(k ; ,,K o ) =  - ^ { é ^ ' - ' ^ \ v A R W K Ù -  (4.10)
Using the eikonal wave function (4.7) gives
/a (K [,,K o ) =  j  dR e '"^ l^ ,(R )g (R ), (4.11)
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where q  is the momentum transfer defined by the difference between the incoming and 
outgoing wave vectors
q  =  K o -K 'o  (4.12)
|q| =  2Æo sin | ^ j . (4.13)
Since |Ko| =  |Kol, if the scattering angle is small then q_LKo is a good approximation. 
Therefore
q  R  =  q  • b  +  q  • K qK q
% q b. (4.14)
Using this and substituting Vpt{Il)gÇR) from the first-order differential equation solution 
to the Schrodinger equation (4.5) into the eikonal elastic scattering amplitude (4.11) gives 
[46]
/e .(K i,K „) = J
2tt
where S{b) is the eikonal elastic scattering S  matrix element. It is the approximation to
the partial wave S  matrix and gives a description of the effect of the potential on the
outgoing wave,
5(6) =  (4.16)
The eikonal phase shift is,
X(6) =  r  V^{R)dz. (4.17)
tl K q J - oo
Following a collision at impact parameter 6, the wave function for z —> oo is therefore
5 'g ,(R ) ^ 5 (6 )e® »  '^. (4.18)
4.2 The Adiabatic Approxim ation
In order to study the scattering of composite projectiles at large incident energies it 
is useful to consider the adiabatic approximation. Putting the exact three-body wave
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function (2.12) into the few body Schrodinger equation (2.5) and operating the projectile 
internal Hamiltonian on the wave function gives
{E — T r  — UptÇR, r) +  €o)(j)ocuo +  ^ ^ ( E  — Tr, — UptiR, r) +  e^ cjyiuji (4.19)
+ J  dk(E' — T r — Upt(R, r) — €k)4>\^ cok — 0.
The adiabatic approximation assumes that the excitation energy of the projectile is small 
compared with the energy associated with the cm motion of the projectile. Therefore the 
terms (T+e^) and {E — Ck) can be replaced with (E + cq) to give the adiabatic Schrodinger 
equation [23]
[(B +  €o) - T r -  r) ]» ^ ,(R , r) =  0. (4.20)
Replacing the projectile Hamiltonian by Cq in the Schrodinger equation has removed the 
dépendance of Hp on r. Thus for high projectile energy, the relative motion of the core and 
valence nucleon can be assumed to be frozen for the duration of the interaction between 
the projectile and the target. The core valence-nucleon relative co-ordinate r  only enters 
the adiabatic Schrodinger equation (4.20) as a parameter and thus this equation can 
be solved for each fixed r  to obtain a scattering amplitude describing the scattering of 
the projectile in a superposition of ground and excited states (which are assumed to be 
degenerate).
4.3 Few-Body Eikonal M odel
This two-body model for the scattering of a point projectile from a structureless target 
is now extended to a few body model where the projectile has internal structure. This 
is the inverse kinematics view to that used by Glauber when he originally discussed this 
topic [30]. The adiabatic approximation is made and thus it is assumed that because 
of the high projectile energy the relative positions of the constituents of the projectile 
are frozen as they pass the target. This means that each of the constituents has a fixed 
impact parameter, as shown for a two-body projectile in Figure 4.2. The derivation is 
similar to that of point particle scattering, discussed in section 4.1. Again the projectile 
is incident along the z-axis with wave vector K q. The few-body eikonal (fbe) scattering 
wave function is written as a product of a plane wave and a modulating function from 
which the ground state of the intrinsic projectile wave function has been factored out
$ K :(R ,r )  =  e * « % ( r ) s ( R ,r ) ,  (4.21)
34
target
Figure 4.2: Impact parameters for each constituent of a two body projectile in 
the few-body eikonal model. It should be noted that not all hi are necessarily 
in the same plane.
where
(4.22)
The modulating function now depends on the internal projectile co-ordinate (r) as well 
as the projectile-target co-ordinate (R). Substituting this scattering wave function (4.21) 
into the adiabatic Schrodinger equation (4.20) gives
[2 zV/2^(R ,r).K c [/^(R , r)^(R , r) +  V^p(R, r)]e'^° =  0, (4.23)
where [/^^(R, r) (2.8) describes the two-body effective interactions of the constituents 
of the projectile with the target. Following the same procedure as in Section 4 for a 
two-body projectile yields the solution
g(R ,r) = e x p ,
a" jFn0 J  —oo
(4.24)
J = V , C
The few-body eikonal scattering amplitude for a collision from an initial state 0o with 
wave vector Kq to a final state (pa with wave vector Kq, is again derived using the same 
procedure as for point particles. The transition amplitude is
T(K„Ko) = rfbe ' (4.25)
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For a 2-body projectile the scattering amplitude in the few-body eikonal model is thus 
/fbe(K„,Ko) =  j J ]  Siik)  -  1 |* ), (4.26)
l = V , C
where Si{bi) are the eikonal S  matrices for each of the constituents of the projectile with 
corresponding impact parameter 6%.
4.4 Reaction Observables
When the projectile is weakly bound, there is a high probability that interactions with 
the target will cause it to be excited into the continuum. The cross section for diffractive 
break-up is [40]
(rdig(J') =  : p p - r  [ < n , [ d h J 2  \{'PtJ.\So(bc)S,{KMjM)r .  (4.27)
Mf i a
Calculating the diffractive cross section requires integration over all the continuum states, 
0k/io-j with core-nucleon relative wave number k, asymptotic core spin projection fi and 
asymptotic nucleon spin projection a. Making use of the closure relation for states of Hp 
(assuming one bound state for simplicity)
E  /  = i -  E  i M i M -  (4 .2 s)
The cross section for diffractive break-up can be written as
(TdiE(J^) =  2J  ^ Ï  J  ^ ^ y ^ \ { ^ J M \ \ S c { b ç ) S y { b y ) \ ‘^ \ ( l ) j M )
— ^  \ {(pJM'\Sc(,bc)^v{bv)\(f>jM)\^]- (4.29)
MM'
Using this expression requires only the ground state of the projectile as all the possible 
scattering states are included implicitly. This has the advantage that there is no need to 
calculate scattering wave functions. However, the compromise is that the cross section is 
inclusive of all final configurations so cross sections for breakup to particular final states 
cannot be extracted. The cross section for the stripping of the valence nucleon by the
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target with the core at most scattering elastically is given by [40]
= Tpp-T  ( rfbE(«idM||-Sc(6c)|"(l -  (4.30)
This formula for stripping is particularly useful from a pedagogic point of view. Like all 
the equations for observables within an eikonal framework, the information about the 
structure of the projectile and how it interacts with the target are clearly separated into 
the wave functions and the S  matrices respectively. Here it can be seen that (1 — |«Su(6u)| )^ 
is the likelihood of the valence nucleon being absorbed by the target and |«Sc(6c)P is 
the core being at most elastically scattered. If the nucleon-tar get potential is real, and 
therefore non-absorptive, then =  1 and the stripping cross section vanishes.
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Chapter 5 
Core Excitation within an Eikonal 
Framework
In this Chapter formalism for going beyond the spectator core approximation by including 
core excitation within an eikonal framework is developed. The core will now be able to 
transfer energy from its cm motion to become excited. The projectile is modelled as a 
set of coupled channels eigenstates of a valence nucleon weakly coupled to a quadrupole 
deformed rotational core. This kind of treatment has successfully been used to model 
the archetypal halo nucleus ^^Be [76, 77]. The rotational core states are coupled together 
a deformed core-target S  matrix. This S  matrix now includes off diagonal elements, 
allowing inelastic excitations of the core, in addition to elastic scattering. This non- 
perturbative approach includes dynamic excitation, de-excitation and re-orientation of 
the deformed core to all orders. These enhanced ingredients are used to develop an 
expression for elastic breakup to exclusive final states of the projectile including core 
excitation.
5.1 The Particle Rotor M odel
To allow the core of the two-body projectile to excite during the reaction process it is 
modelled as an axially deformed rigid rotor with orientation Ù. The deformed core wave 
functions are the solution of the Schrodinger equation for a rigid rotor [78]
(5.1)
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4>i , k {^) = (5.2)
where He is the core Hamiltonian, I  is the spin of the core, n  is its projection on the 
z-axis in the lab co-ordinate system and K  is its projection on the z' axis of the body- 
fixed frame of the core. The rotational eigenenergies of the core are ej, are the
rotation matrices and Ù are the Euler angles. The K  quantum number is restricted to 
zero for the ground state rotational band of a rigid rotor. This means that I  is restricted 
to even values and the core wave functions become spherical harmonics [79]
=  Xr/; A -  (5.3)
In the body-fixed frame the radius of the core, expanded in spherical harmonics and 
keeping only the quadrupole term, is
J7(r, Ô) =  i?u,s[l-b/92l2o(r, Û)], (5-4)
where /^ 2  is the deformation parameter. In order to include the deformation of the core 
in the description of the structure of the projectile the interaction between the core and 
the valence particle, Kc, is now described by a deformed Woods Saxons potential
where V^s is the strength of the potential and a^s is the diffuseness. The spin orbit term 
is spherical
=  r^ { l+ e x p [(J ^
5.2 Projectile Wave Functions
In this Section explicit forms of the coupled-channels bound and scattering wave func­
tions used to describe the projectile are presented. The coupled-channels bound state 
of the projectile is described using a total angular momentum basis. An expression for 
the coupled-channels scattering wave function is derived. This expression is then time 
reversed so that it may be used within the prior form of the breakup matrix element
(5.56).
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5.2.1 Bound State W ave Function
In order to include multiple configurations of the core and valence neutron coherently 
within the calculation the projectile is described by a set of coupled-channels wave func­
tions. The quantum numbers of the two-body projectile are as described in the CDCC 
model in Section 2.3.1. The subscript 0 on the quantum labels denotes the initial bound 
state. The two-body projectile bound state wave function can be written in a total 
angular momentum basis as
(5-7)
Ao
where each channel is labelled by Aq =  {^ojoh} and the radial wave function is
U i°{r )= U il ir ) /r .  (5.8)
The total angular momentum basis states can be written as
Jo ^  (4  AoJo-o I Uomolom I (^)ygoAo (r)%6(T0 - (5.9)
Aocromo/io
The valence-core radial wave functions are normalised such that
Y ,  f  dr \Uil{r)\^ = 1. (5.10)
Ao
The radial wave functions are calculated by solving the coupled-channels form of the 
Schrodinger equation for the projectile
[£?a„ -  -  l y x w ]  =  E  (s -n )
Aqt^ Aq
where the radial coupling potentials are
^aIaoM  =  {yï-Jo if’ Ô )|i4 .(r, n ) | j ; ^ y  (r, n)). (5 .1 2 )
The relative energy between the core and nucleon in each channel is the difference between 
the total projectile energy and the excitation energy of the core in that channel
Eaq = E  — cjq. (5.13)
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The coupled-channels Schrodinger equation (5.11) is solved numerically, subject to the 
boundary conditions that ZY^(r) —» 0 as r  ^  0 and as r  ^  oo, using the Lagrange mesh 
technique [80] with the code by Tarutina [81].
5.2.2 Scattering W ave Function
An expression for the two-body scattering wave function riow derived.
The subscript 1 denotes the asymptotic final state labels. Therefore is the asymp­
totic relative wave vector between the core and the valence nucleon and using energy 
conservation
^  +  6,, =  E. (5.14)
f^ivC
The asymptotic form of this scattering wave function is a plane wave and can be written 
as a partial-wave expansion [82]
=  4  ^ (4 ) . (5.15)
l^Ai
Taking the set of total angular momentum eigenstates y\(£[s)jih]Ji (5.9), multiplying 
both sides by E 1  Mi ) (^i^23(721jim2 ) and using orthogonality of the 
Clebsch-Gordan coefficients (A. 14) gives
^iAi(r)yfi,,i(0)%a(,i =  ^  (4AiS(7i|;imi)(;imiLi/2i|JiMi)3;^|^)^.^^^]^^(f,n). (5.16)
JiMijimi
Substituting from Equation (5.16) into the RHS of the plane wave partial-wave expansion 
(5.15) gives
iiXiJiMijimi
x { r ,n \ je , ik ,M ( is ) j ih ]J iM ,) ,  (5.17)
where
(r,A |% (% )[(4^)4i7i]JiM i> =  (5.18)
The scattering wave function can be written as a Moller operator operating on a plane 
wave state [83]
(5.19)
41
where the Moller operator is
U s i n g  t h e  p l a n e  w a v e  p a r t i a l - w a v e  e x p a n s i o n  ( 5 . 1 7 ) ,  t h e  f u l l  s c a t t e r i n g  w a v e  f u n c t i o n  is  
t h u s
x { v , Ù p ^ + \ E ) \ ù , { k , M i s ) h h ] J i M ^ ) .  ( 5 . 2 1 )
I n s e r t i n g  a  c o m p l e t e  s e t  o f  t o t a l  a n g u l a r  m o m e n t u m  b a s is  s t a t e s ,  ( r ,  c a n  b e  e x p r e s s e d  
a s
<r,n| =  E  {fM[{(2s)j2h]hM2)(r,[{t2s )h W 2M2 \
J2M2^2J2.^2
=  E  y m s ) h w S ^ E { r , U 2 s ) h h ] J 2 M ^ \ ,  ( 5 . 2 2 )
J2M2^2j2-^2
SO t h e  s c a t t e r i n g  w a v e  f u n c t i o n  ( 5 . 2 1 )  b e c o m e s
=  47t ^  ^ ^ '^ lA i(% )(4 A iso -i|jim i)(jim i7 i//i |J iM i)
JlMiJ2M2i2j2l2^lXijimi
X  ( r ,  [ ( 4 s ) i 2 / 2 ] J 2 M 2 l Q ( + ) ( £ ; ) | x ( f o , ) [ ( f i s ) i i / i ] J i M i )
X  ( 5 . 2 3 )
U s i n g  t o t a l  a n g u l a r  m o m e n t u m  c o n s e r v a t i o n ,  J ^ ]  =  0 ,
=  47T ^  ^ ^ ' ^ l A i Â i ) ( 4 A i S o - i | j i m i ) ( j i m i 7 i / 2 i | J i M i )
^ 2 i2 .^ 2 ^ iA ijim i J iM i
X  ( 5 . 2 4 )
w h e r e
y& A ih  /zzj =  (5.25)
a r e  t h e  c o r e - n u c le o n  r a d i a l  s c a t t e r i n g  w a v e  f u n c t i o n s .  E x p a n d i n g  t h e  t o t a l  a n g u l a r  m o ­
m e n t u m  e i g e n s t a t e s
4 l ^ E . ( r , ^ ) =  E  ( 5 . 2 6 )
/2/120-2
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where the distorted waves are
JiMii2j2hXijimiX2m2  
X %A2go-2|j2m2)(j2m2/2//2| JiMi)y^2A2(r)/A2;Ai(^, ^h)' (5-27)
The scattering radial wave functions are calculated by solving
[£a. -  Trt, -  =  E  (5.28)
A^ 7^ A2
where the coupling potentials are the same as in the bound case (5.12). At the origin the 
radial wave functions obey the boundary condition
.5^a,Ai('--^a ) ^ 0 .  (5.29)
The scattering states have the asymptotic behavior
^  | K . f e 0 5 A , A , - 5 i ‘^ A ,iîi(fc/,r)], Ê A ,> 0  
^  < m , ( « 2 r), E a , < 0 .
The outgoing and incoming Coulomb functions are Hf {kr )  =  Gi{kr) ±  iF^ikr)^ ‘^ A2 Ai 
is the S  matrix for an incoming plane wave in channel Ai, 1 4 7 2 (^2 "^) is the W hittaker 
function for the closed channels and is a constant which characterises the asymptotic
behavior of the wave function in the closed channels (F^g < 0). For consistency, the
scattering state radial wave functions are again calculated using the Lagrange mesh code 
of Tarutina [81].
5.2.3 T im e R eversal
In order to calculate the diffractive breakup cross section it is convenient to have the 
scattering wave function in the form (r, ^ ). This represents the incoming waves
solution of the Schrodinger equation and can be derived using the time reversal operator. 
The scattering wave function (5.26) can be written in Dirac notation as
=  E  (^|.^2Ai20-2){r,/2/i2<T2|4tw.T,>. (5.31)
l2fd2Cr2
where
(r, /2/i2< 2^|V'kw,7i> = k ij .  (5.32)
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The desired incoming waves solution is thus
E  (5.33)
l2lJ‘2Cr2
The time reversal operator 1C is anti-unitary and therefore the distorted waves can be 
written as
((r,/2/X2<72l4;’« ,,))*  =  ((r,/2/*2<^2|/Ct)(/C|47);;;,,)). (5.34)
As in Section 5.2.2, the scattering wave function can be written as the Moller operator 
acting on an outgoing plane wave [83]
(5.35)
where
qS ~ \E )  = ------—  r. (5.36)
 ^ '  E - i e - H i  ^
Thus the distorted waves (5.34) become
( ( r , /2 / i2 ( ^ 2 |Æ w ^ l) ) *  =  { ( v , h y - 2 ( T 2 \ K ‘' ) ( K - — , | kl , Ji / 2i <7i ) )
V h i  —  l e  —  h i p  J
= ((r,72//20-2|/C^)
In the spinless case, operating with the time reversal operator has the effect of taking the 
complex conjugate and reversing the direction of the wave vector [82]. In this case, with 
spin included, operating with the time reversal operator also results in a phase change
and a change in the sign of the ^-projections of the nucleon and core spins
/C|cr) =  7]s{—i y  ^ \ —o) (5.38)
K\y) =  % (- l)^ -" | -  /,) (5.39)
X:|k) =  | - k >  (5.40)
x:|r) =  |r), (5.41)
where values of r]i and rjs can be chosen such that their square modulei are equal to unity 
[84]. As discussed in Section 5.1, the core wave functions are assumed to be the K  = 0 
rotational band of a rigid rotor and thus the intrinsic core wave functions have a simple 
form; (f)ip{Ù) = Yip{Ù) and I  is restricted to even values. Comparing the equation
=  % ( - l ) '+ % - ; .( 0 ) ,  (5.42)
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with the expression for the complex conjugation of spherical harmonics (A.l), it can be 
seen that = 1. Taking the distorted wave (5.37) and operating with the time
reversal operator thus gives
((r, 72/^ 20^ 2l^kJ^iCTi))* — (—1)^  ^ 2^ —  fJ'2 —  <721 (77)1 — ki^Ji —  111 —  ( 7 i )
= (5.43)
This equation is consistent with Equation 5.17 f of [82]. The full wave function can thus 
be written as
< « « ( r . ô ) =  E  ( - i r ‘ '‘' ^ " " ” x ^ ? / î i \ ; - „ - . . ( r , - k i j y , ; , , ( n ) x L , .  (5.44)
hfJ-20'2
This satisfies boundary conditions such that there are both incoming and outgoing waves 
in the ground state channel and only spherical waves in all the other open channels. The 
scattering wave function can be rearranged to give a more simplified form by changing 
the sign of the dummy ^^-projections and the wave vector
C2
X  (£ i A i 5C7i  I j i m i )  ( j i m i / i / i i  \JiMi)
X (5 .4 5 )
where C2 =  {4  Ai mi A M i^2 ^2 ^2 }. The full derivation of this step can be found in 
Appendix B .l. The overlap of the bound and scattering wave functions is presented in 
Appendix B.2.
5.3 Neutron-Target and Core-Target S  M atrices
For high energy projectiles the adiabatic approximation, described in Section 4.2, can 
be employed and therefore the core and neutron each have a fixed impact parameter 
as they pass the target. As the core is no longer spherical, the core-target S  matrix is 
dependent on the orientation of the deformed core in addition to its impact parameter. 
It is assumed that for high energy projectiles the orientation of the core is also fixed as 
it passes the target. The deformed core-target and the neutron-target S  matrices are 
calculated within the optical limit of Glauber’s multiple scattering theory. A zero range 
delta effective interaction is used between the core and target and between the neutron 
and the target. The core-target S  matrix are be evaluated using a double folding of the
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core and target densities [85]
«Sc(bc, =  exp - ^ ^ ( 1  -  iâNN)Xc0^c, • (5.46)
The average of the free space nn  and np cross sections is The term ^ n n  ap­
propriate cross section weighted average of the real to imaginary parts of the forward 
N N  scattering amplitudes [8 6 ]. It is included to account for the NN amplitude not being 
entirely absorptive even at high energies [87]. The final term is
X c { h c , Ù ) = f  dzc f  driPc{ri,Ù)pt{\ri-\-Ilc\)> (5.47)
J —OO J
The densities pc and pt are for the core and target ground states. A quadrupole deformed 
Woods Saxon density is used to describe the core
=  l  +  e x p [ ( n - ^ , ( r V Û ) ) / a j ’ 
where is the diffuseness and Rc{fi • Ô) is the radius given by
J7,(fi. Ù) =  Bco[l +  A ^ o (n  ' ^)]. (5.49)
The strength pco and the radius J7co are determined using
/•OO Ap. foo
A c = 47t drrlpcoin), {rl)A, = - ^  drir^p^{r). (5.50)
Jo Jo
The target density is assumed to be Gaussian
Pt{r2) = Pfoexp[-77’2]. (5.51)
The inverse range 7  and strength pto are determined by At the target rms radius
At = Pfo(7r / 7 )^/^ {rl)At = 8 / ( 2 7 ). (5.52)
The valence neutron-target S  matrix is calculated using
Sv{bv) = exp - ^ ^ ( 1  -  iâNN)Xn{bv)] , (5.53)
where
/ OO dz^Pf(J^). (5.54)
•00
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Core
Target
X
Figure 5.1: Coordinates for the three-body eikonal model. The beam direc­
tion is along the z-axis. The projection of r on the impact parameter [x — y) 
place is s. Note that Ù can point in any direction.
5.4 Elastic Breakup including Core Excitation
The deformed core-target S  matrix and coupled-channels projectile wave functions are 
now ineluded within the eikonal formalism for diffractive breakup. The coordinate system 
for this three-body model is shown in Figure 5.1. The beam direction is z and b  is the 
projection of R  onto the impact parameter (x, y) plane. Adapting the formula of Section
4.4 (4.27), the cross section for diffractive breakup populating the core in final state A 
can be written as
=  4 ^  [ dki, / r f b  £  (5.55)
where Jq =  \/2Jo -j- 1 and the breakup matrix element is
(5.56)
The Dirac notation of the breakup matrix element implies integration over the projectile 
internal co-ordinates, i.e r  and Ù. Inserting the bound (5.7) and scattering wave functions
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(5.45) into the breakup matrix element gives 
=  Att f  dr f
C3
X (5 -5 7 )
where Cg =  {^lAijimi J 1 M 1 A 2 A 0 }. Expanding the total angular momentum basis states 
using (5.9)
C4
X  ( A A l 5 0 - i | j i m i ) ( i i m i J i / i i | J i M i ) y ^ , A i ( ^ / i ) / A 2 ; A i ( D ^ / i )
X u ^ { r ) ,  (5.58)
where C4  =  {^lAijdmi J iM i4 j 2 4 2 4 jo4 oAomo/ioA2 0 2^ ^ 2 /^ 2 } and (XsaalXsao) =  a^aao- Using 
Equations (A.l) and (A.3) to couple the spherical harmonics [£2 <S>£o]tq
U;A.(eU„A„(0 =  (-1 )^ ' E  - ^ ( 4 0 4 0 |m ) ( 4  -  A24Ao|«î)i),(r). (5.59)
tg  v47Tt
Examining the quantities in Equation (5.58) that depend on the core orientation and 
using Equations (A.l) and (A.3) to couple the core spherical harmonics [J2 ® Iq\TQ
[ dÙYjUÙ)Yj„^„{Ù)Sg(bg,Ù) =  ( - l ) « E ^ ( 7 2 0 7 o 0 |T 0 ) ( /2 - A « 2 V o |m )
T Q
X  SrQibg). (5.60)
It has been defined that
SrQibc) = dh S ,{h ,, Ù)Ytq {Ù), (5.61)
such that Soo{bc) goes to unity as he oo. Equation 5.61 assumes that be = b. The 
validity of this assumption is discussed in Appendix C. Restricting T  to be zero results 
in a diagonal S  matrix for the core and therefore represents an inert-core (i.e spectator
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core) calculation. The breakup matrix element now becomes
C5
X (^A i5(7iljim i)(jim i/i/ii|J iM i)
X (4A2gO-2|^2yM2)Ü2ni2/2//2|JlMi)
X (4  AoSU-2 I Jo^o) ( jo?^o4oAiol 4 M ))
X (4 0 4 0 1 0^ )(4  ~  A2 4 A0 I4 )
X (/20/o0|T0)(/2 —/i24/^o|^Q)
X UgiAi ( %  )4gT % ;A 2;A i;A o M  ) ? ( 5 .6 2 )
where Cg =  { 4 A ijim iJi M i4 4 4 4 4 4 ^ 0 M%o/^ oA2 0 -2 m 2 /Z2 4 ^Q } and the quantities with r  
dépendance have been grouped into the radial integral
= J  drYtg{f)STQ{bg)S,{K)fi\.^^^{r, h,)U^^^{r). (5.63)
Equation (5.62) can be reduced by using Equations (A.5), (A.6 ) and (A.7) to rearrange
(4  — A24Ao|^g) and performing the sum over (72, A2 and Aq using Equation (A. 16)
( —1)^ '^*''^ (^4 — A2 4  Ao |4 )  (4Ao"S(%2 |4?^o) (4  A2S(%21 4 ^ 2 )
CT2 A2 A0
=  (72(W2Mi2|4?^o)U^(^44^;44)' (5.64)
Re-arranging [I2 —yL2 hyLQ\TQ) using Equations (A.5) and (A.6 ) makes the breakup matrix 
element
C6
X  ( 4 A i S ( 7 i l 4 m i ) ( 4 m i J i / i i | J i M i )  
X (4^24/^2 |4Mi)(4?72,o4/^o|4M])
X (40401^0) (tg4m 2|4m o)kF(^44g; 4 4 )
X (4 0 4 0 1 ^ 0 ) (4 /^2^^  14/^o)
X ^ iAi (^7i )49TQ;A2;Ai ;Ao(^’^h)5 (5.65)
summed over Ce = {4A i4^^iA M i4 4 4 4 4 4 î^o /^o ^ 2 /^2 4 ^Q } . The Clebsch-Gordan 
coefficients involving //2 ,/^o, ^ 2  and mo are now examined. For ease of notation, we 
temporarily denote the sum over these coefficients by the symbol C. Using Equation
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(A.9) to convert the coefficients into 3j symbols and then re-arranging them using (A. 1 1 ), 
(A. 1 2 ) and (A. 13) gives
C =  ^  {j2'm2l2lJ^2\JiMi){jomoIofJ^o\JoMo){tqj2m2\jomo){l2fJ^2TQ\IofJ^o)
mom2HoH2
=  E  ( - i ) * + * + * + ^ ‘ + 2 ^ » + - ' O i J o i o /o  I )
momz/rorn \  " / ^ 2  /
X (  f  * i o  \  /  / 2  T  / „  y  ( 5 ,g g )
y  —Mq ttiq /io y  y  —m 2  —q m o J y  —/ i 2  ~Q fJ^o J
Reducing this expression using Equation (A. 17), converting the 3j symbols back into 
Clebsch-Gordan coefficients using (A.9) and re-arranging them using Equations (A.5), 
(A.6 ) and (A.8 ) leads to
fJi a Jo4  t jo > . (5.67)
4  T  4  ,
Inserting this back into (5.65), the breakup matrix element is therefore
C7
X ( 4 A i 5 C T i |4 ? ^ i ) ( i i ^ ^ i 7 i / ^ i |  J i M i ) ( J i  — M i J o M o \ a a )
X ( T Q t g | a a ) ( 4 0 4 0 | m ) ( 4 0 4 0 | T 0 ) i y ( t 4 4 g ; 4 4 )
Jl CL J q
^ { h  t  4   ^^iAi(^/i)4gTQ;A2;Ai;Ao(^’^^1 ) ’ (5.68)
4  T  4
where c? =  {^lAijimi J iM i4 4 4 4 4 4 4 T Q n < a } . Taking the square modulus of the 
breakup matrix element, integrating over the directions of the wave vector and using
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the orthogonality of the spherical harmonics (A.4)
/ dki, EM o n ia i  eg
y ^ g + j g + j o + Q ' —
X ( C A i S < T i | i i m i ) ( i i m i / i / < i |  J i M i )
X (ti\iS<7i\j[m\){j[m\Iiiii\J[M [)
X ( J l  — M i J ü M o \ a a ) C T Q t q \ a a )
X ( j ;  -  M [ J o M o \ ( ^ a ' ) { T ' Q ' t ' i / \ a ' a ' )
X ( 4 0 4 0 1 W ) ( / 2 0 / o0 |T 0 )
X (4040|i'0)(40/(,0 |T '0)
Oj tyQ
X
^ 4ÿTQ;A2;Ai;Ao (^’ % ) 
^ 4vr'Q';A^;A';At(^’
Jl a Jq
4  ^  4
4  r  4
(5.69)
where Cg =  {Mo//i(7 i, £ iX ijim iJiM i£ 2 j 2 h^ojoIotqTQaa, j[rn[J[M [i2 j 2 l 2 ^ojorot'q'T'Q'a'a'}. 
This expression can be simplified by performing the sum over Aicri, mi/zi and MiMq, and 
in each case using the orthogonality of the Clebsch-Gordan coefficients (A. 15)
/ dki, E  l-^Sx(^kix)P = 47rE4/2Ô2JiT7o4Vî>ÔJjt,'
e g
X  ^— \y2+30+32+j'o
X {TQtq\aa){T'Q't'q'\aa)
X (4 0 4 0 |m)(J2 0 Jo0 |T 0 )
X % o 4 o|('o)(j^oj^o |ro)
X TV(^44^; 4 4 ) ^ ( ^ 4 ;'2 )
J l  CL J q
4  ^ 4
,  4  T  Jo
4gTQ;A2;Ai;Ao(^’ % ) 
4t'g^V;A^;Ai;A')(^’
J 1 CL J o
4  ^  4
J/ r  J/
(5.70)
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summed over cg =  {^iji J i 4 4 4 4 4 4 5^ ^(5 0 4 4 4 4 4 4 ^ ^ Inserting this into Equa­
tion (5.55) and rearranging the W coefficient using Equation (A. 10) the formula for the 
final expression for the diffractive breakup cross section
o"dig(Jo, JD = J  dki^ k]^  J  4 4 4 4 4  4 4 4 4 4 4 4 4
CIO
X (-1 )* + * '
X ( T Q ( g |a a ) ( r Q Y g ' |a a )
X ( 4 0 4 0 | m ) ( 4 0 4 0 | T 0 )
X ( 4 o 4 o | f o ) ( j ^ o j ^ o |r o )
X i y ( 4 a ^ 4 ; 4 4 ) i ^ ( 4 ^ ^ ' 4 ; 4 4 )
I Ji n Jo 1 r 4  CL Jo
4 t 4 U 4 f 4
4  T  4  J I 4  T ' J '
^  4g rQ ;A 2 ;A i;A o (^5  M ) 4 y 4 q ' ;A ' ;A i ;A ' ,(^ ’ ^ h ) 5  (5 - 7 1 )
where cio =  { 4 4 4 4 4 4 4 4 4 ^ ç T Q a ,  4 4 4 4 4 4 ^ This can also be written as
=  ^ J d k i . e j J d b  E  (5 .7 2 )aaiijiJi
where
Cll
X (TQtg\aa) (4040|t0) {hOIoO\TO)WU2 Steo] O o )
J \  CL Jq
^ i  4   ^ 4   ^4 çTQ;A2;Ai ;Aq(^ 5 (5.73)
4 T 4 ,
and Cll =  { 4 4 4 4 4 4 ç^TQ}.
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Chapter 6
Num erical Approach
In this Chapter an outline of the numerical solution for the exclusive elastic breakup cross 
section (5.71) is given. Results of calculations of the elastic breakup of ^^Be and are 
presented. In each case, the core is considered to be inert and spherical. The results are 
compared with those obtained from inclusive, spectator-core, eikonal calculations (4.29) 
performed using identical inputs.
6.1 BREAKUP Com puter Code
The cross section in Equation (5.71) is calculated using the new code b r e a k u p . The 
bound and scattering radial wave functions are calculated using the code m e s h  [81]. They 
are precalculated over the required range of arguments and imported into B R E A K U P  as 
(r) (5.8) and J^A2A i(d^/i) (5.25) respectively. The neutron-target S  matrix is calcu­
lated using the codes f r o n t  [8 8 ] and SM A TPO T [89]. The deformed core-target S  matrix 
is calculated with the code of Tostevin [90], modified to output in the form <Stq(5c) (5.61). 
The S  matrices are imported into b r e a k u p  as S{by) (5.53) and <Stq(5c)- The wave func­
tions and S  matrices are interpolated when needed. The angular momentum coefficients 
are evaluated using the angular momentum library ANG LIB [91].
For combinations of quantum numbers that gives a non-zero contribution from the mul­
tiplication of all the angular momentum coefficients in Equation (5.71), the integral 
4 gTQ;A2 ;Ai;Ao(^’M ) (5.63) is Calculated. The result is stored to avoid unnecessarily re­
calculating the integral for the set of primed quantum numbers with a corresponding set 
of values. To make the numerical calculation easier, the integral 4 gTQ;A2 ;Ai;Ao(^’
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Valence
Core
Figure 6.1: Core-valence relative co-ordinate from Figure 5.1 in cylindrical 
co-ordinates.
r  is performed in cylindrical polar coordinates
poo
^ t q T Q ;  A 2 ' A i ; A q{ ^  1 ^ h )  ^  ~  {^tg;A °2;A i;A o ^  ^  q T Q { ^ i  s ) . ( 6 - 1 )
J 0
The term in brackets on the RHS of Equation (6.1) is the result of the integral over the 
z component of r. The second term on the RHS of Equation (6.1) is the result of the 
integral over (/>, defined as the angle between b and s (see Figure 6.2). The z integral 
involves the bound and scattering wave functions and part of the spherical harmonic
=  2 (6 .2 ) 
Jo '
The factor of two in Equation (6.2) comes from the fact that Ptq{cosO) is an even function 
of z when t p q  = even. When t P q = odd, Ptq[cos6) is an odd function of z and the z 
integral (6.2) is zero. From Figure 6.1,
r  =  Vz'^ P (6.3)
Ptq{cosO) are the associated Legendre polynomials and Ctq is
Ctq =
{2t +  1 ) (t — |g|)! 
47t {t +  |g|)! '
(6.4)
When q < 0 Equation (A.l) applies. The wave number kj^ on the LES of Equation (6.2) 
comes from the definition of /^zAï ) (5.25). It is convenient to retain this factor as 
appears in Equation (5.71). The result of Equation (6.2) is independent of b. It is 
stored and recalled when performing the z integral for each impact parameter.
The integral over (p involves the <5 matrices and the remaining part of the spherical
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Target
Core
Valence
X
Figure 6.2: View of the x-y plane from the co-ordinate system shown in 
Figure 5.1. The co-ordinates are defined such that b  is along the x  axis.
harmonic.
’‘27T
Jo
(6.5)
The core-target and valence-target impact parameters are calculated using the cosine 
rule. From Figure 6.2,
b y  =  y 6^ +  -h 2p ^ 6 s c o s
be = y /6  ^ +  {pcsy -  2pcbs cos (
The weighting factors are
Üy -j-
Qjc
tty üe
(6 .6)
(6.7)
(6.8)
(6.9)
6.2 Reduced Formalism Calculation for the Elastic 
Breakup of
The elastic breakup of ^^Be incident on a ®Be target at 60 MeV per nucleon is examined. 
As an initial test of the model a set of parameters are chosen such that they reduce the 
new expression for breakup including core excitation (5.71) to a more simplified form. 
The ^^Be projectile ground state is modelled as an s wave neutron with spin s =  0 bound
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to an inert, spherical, 0+ core. This initial configuration therefore has a total spin of
Jq = 0"^ . The bound state wave function of the projectile (5.7) becomes a single-particle
radial wave function
M r )  = (6 .1 0 )
v47r
and the (single-particle) scattering state wave function (5.45) is
l^Ai
Inserting these wave functions into the expression for elastic breakup (5.55) yields
<Tdiff(o+,o+) =  ^  y y dbi(4;Vc(6c)s„(6„)iV 'o)p
=  -  f d h k l  I ( 6 . 1 2 )
where the simplified radial integral is
%Ai(6,/:i) =  J  drYi^Xi{r)Sc{bc)Sy{by)fi^{r,ki)Uo{r). (6.13)
The matrix element in the Equation (6.12) implies integration over the projectile internal 
radial co-ordinate only as the core is spherical. The projectile is described by single­
particle wave functions rather than coupled-channels wave functions and the final reaction 
channel is Ai =  £i. The set of quantum number chosen chosen have resulted in an 
expression (6.12) without the phase, statistical factors and angular momentum factors 
present in the full formula (5.71). This set of parameters provides a test of the radial 
integral, the numerical solution of which was described in the previous section.
6.2.1 M odel Space
The inert core and neutron have spins of J  =  0 and 5 =  0 respectively. There is a 
unit spectroscopic factor for the [I5 O 0  0"^ ]o+ configuration in the ^^Be ground state. 
Breakup is calculated up to ^max =  10. In this spherical case, the ^°Be Woods Saxon 
potential (5.5) is central. It has radius R^s = 2.483 fm [1] and diffuseness a^s = 0.65 fm. 
The potential depth is V^s = 64.229 MeV which reproduces the neutron separation en­
ergy of Sn = 0.5 MeV [58]. The neutron spin is a =  0 so there is no spin-orbit interaction.
The core-target S  matrix (5.46) uses a Woods Saxon m atter density for ^°Be with an
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rms radius of {t^)ac — 2.28 fm [33], a deformation of /? 2  =  0 and diffuseness of Uc =  0.5 
fm. The ^Be target has a spherical Gaussian density with rms m atter radius of {r^)At = 
2.36 fm [92]. The average of the free space nn  and np total cross sections is âjvjv =  88.0 
mb calculated using the formulae in [93]. The cross section weighted average of the real to 
imaginary parts of the forward NN scattering amplitudes is =  1.22. It is calculated 
from the 100 MeV real to imaginary nn  and np amplitude ratios, 1.87 and 1.00 of [94].
The elastic breakup cross section for this simplified case (6.12) is solved numerically 
using the computed code b r e a k u p . Breakup is calculated to a maximum relative energy 
of =  40 MeV and a maximum impact parameter of 6 max =  18 fm. The value of 5max 
is chosen by examining the cross section as a function of h (for each k) and ensuring it 
goes to 0 within the range chosen. The value of A^max is chosen in a similar manner. The 
radial integral (6.13) is truncated at r^ax =  60 fm. Higher values of ^max do not change 
the results. For comparison, the single-particle breakup cross section (4.29) is calculated 
using the code n t r  [95].
6.2.2 R esu lts
The elastic breakup cross section is 84 mb. To check the consistency of this result with 
the result obtained using closure. Equation (4.29) is solved with the code N T R  [95]. The 
same bound state wave function and core-target and neutron-target S  matrices are used. 
This results in an inclusive cross section of 8 8  mb. As the closure relation (4.28) is a 
quantum mechanical identity these two calculations should lead to the same result but 
they differ by 4 mb. The closure breakup calculation is inclusive and implicitly includes 
breakup to all partial waves whereas the exclusive calculation is truncated at £\ = 1 0 . 
At this upper limit of the model space the contributions to the breakup cross section are 
not insignificant. This suggests that breakup to higher partial must to be included to 
ensure all the cross section is obtained and the result can be directly compared with the 
closure calculation. Including breakup to higher partial waves within the calculation soon 
becomes impractical due to the larger number of scattering wave functions required and 
the severity of the numerical solution. This becomes more of a problem when using the 
full formalism (5.71) and coupled-channels, rather than single-particle, wave functions. 
Therefore, in order to estimate the total diffractive breakup cross section an extrapolation 
is made in
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Form a h ^ext ( T e x t (0 + ,0 + )
mb
( T d ig ( 0 + ,0 + )
mb
y = ax~^ 330.06 2 .5 2 6 1 <  0 .0 0 1 56 5 8 9
2/ =  2 6 .9 7 4 0 . 3 3 7 3 <  0 .0 0 1 37 2 8 6
Table 6.1; Extrapolation parameters and resulting elastic breakup cross sec­
tion. 4 xt is the maximum partial wave from which contributions to the cross 
section are added. cText(0 “^ , 0 +) is the additional cross section obtained from 
the extrapolation. 0 "^ ) is the inclusive cross section including the
extrapolation.
* 2
30
ell,
Figure 6.3: ^°Be +  n breakup cross section as a function of 
reduced formalism (6 .1 2 ).
using the
6.2.3 E xtrapolation
The five data points in Figure 6.3 show the integrated cross sections for elastic breakup 
to =  6  through 10. A curve of the form y =  ax~^ is fitted to the data points. The 
fit parameters a =  330.06 and h — 2.5261 result in < 0.001. This (red) line is ex­
trapolated up to 4 x t  =  56, above which contributions from each additional partial wave 
are < 0.01 mb. This leads to an extra 5 mb of breakup cross section taking the total 
to 89 mb which now compares favorably with the closure calculation value of 8 8  mb. 
These results are summarised in Table 6.1. The data is also fitted with a curve of the 
form y = The fit parameters c =  26.974 and d =  0.3373 result in < 0.001.
Extrapolating this (blue) curve up to 4xt =  37, above which the additional contributions 
to the cross section fall below 0 . 0 1  mb, gives an extra 2  mb taking the total to 8 6  mb.
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This brings the result closer to the closure value of 8 8  mb. Each of these two fits in Table 
6.1 accurately describe the data points. The first fit is logarithmic in y and linear in x  
and the second fit is logarithmic in y and x  (and thus includes fewer partial waves and 
predicts the smaller cross section). The two fits straddle the closure value. As the first 
fit is closer to the closure value it will be used in subsequent extrapolations.
It is interesting that such a large model space, including breakup to large values of 4 ,  is 
required. The CDCC calculations in Chapter 3 found no cross section in partial waves 
higher than ^ =  3. This level of truncation is similar to that traditionally usually used in 
CDCC calculations [27, 29]. Most eikonal calculations for breakup employ the expression 
derived using closure (4.29) and thus any breakup to high partial waves is latent within 
the inclusive results. There is another example of this feature. Esbensen and Bertsch 
have examined the elastic breakup of ^^Be on ^^C within an eikonal framework and by 
solving the full time-dependent Schrodinger equation [96]. In addition to showing that 
the agreement between the eikonal and time dependent angular momentum distributions 
is better with increasing beam energy, they show that there is significant breakup to high 
partial waves. Channels up to £ <  12 are used. It is found that breakup to ^ > 5 produces 
a significant shoulder on the longitudinal momentum distribution of neutrons after the 
diffractive breakup of ^^Be on ^^C. The total momentum distribution is made up of two 
contributions, one from low (£ < 5) partial waves and one from high (£ >  5) partial waves. 
The fact such a large number of partial waves is required in the calculations presented 
in this thesis means the exclusive results are obtained at the expensive of simplicity of 
computation.
As a further test of the numerical approach the cross section for elastic breakup of ^^Be 
on ^Be target at 60 MeV per nucleon is also calculated by using b r e a k u p  to solve the full 
new expression for breakup (5.71), rather than the simplified expression considered until 
now 6.12. The parameters are as in Section 6.2.1. The cross section, before extrapolation, 
is again 84 mb. This suggested the angular momentum coefficients, statistical factors and 
phase factors are being calculated correctly within b r e a k u p  for these inputs.
6.3 Spherical Core Calculation for the Elastic Breakup  
of 1^ 0
Calculations of the elastic breakup of ^ "^ C on ^Be at 62 MeV per nucleon are now presented. 
The core is assumed to be a spherical inert body. In order to produce results tha t can
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be compared with the elastic breakup cross section obtained using closure (4.29) the 
projectile bound state has a unit spectroscopic factor for a [Od (g) 0 +]2 + configuration 
( 5  =  0 in this test calculation). Shell model calculations predict actually looks more 
like [Od(g) 2+]3/2+ [15]. However, the configuration including a 0"^  core is chosen so that a 
single-particle description of the projectile can be used whilst preserving the orthogonality 
of the bound and scattering states. A description of which is more consistent with 
the shell model calculations is used for the full calculation of the elastic breakup of 
presented in Chapter 8.
6.3.1 M odel Space
The ground state looks like a core spin of /q =  0 coupled to an Iq = 2 neutron. The 
neutron spin is s =  0 and thus the initial spin of the projectile is J'^ = 2"^ . Breakup is 
calculated up to ^max =  10. The core is assumed to be spherical in this test calculation 
so =  0. The neutron core interaction is described by a Woods-Saxon potential with 
depth Vws = 48.305 MeV, radius Rws = 3.2 fm and diffuseness of = 0.65 fm. These 
parameters reproduce the experimental neutron separation energy of Sn = 0.729 MeV 
[97].
In this inert case, the core-target S  matrix uses a Woods-Saxon m atter density for 
with an rms radius of =  2.70 fm, diffuseness of ac =  0.5 fm and deformation of /? 2  =  
0. The target is assumed to be spherical with a Gaussian target density and rms radius 
of {r‘^ )At = 2.36 fm. The average free space nn  and np total cross sections is âjvjv=84.7 
mb. The cross section weighted average of the real to imaginary parts of the forward 
NN scattering amplitude is oijviv =  123 from the 100 MeV real to imaginary nn and np 
amplitude ratios [94].
The elastic breakup cross section for this simplified case (5.71) is solved numerically 
using the computed code B R E A K U P. Breakup is calculated to a maximum relative energy 
of = 40 MeV and a maximum impact parameter of 6max =  18 fm. The radial 
integral (6.13) is truncated at rmax =  60 fm. For comparison, the single-particle breakup 
cross section (4.29) is calculated using the code n t r  [95].
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Form a b 4xt o - e x t ( 2 + ,0 + ) c r d ig ( 2 + ,0 + )
mb mb
y =  ax~’^ 350.94 3 .2 2 1 5 < 0 . 0 0 1 52 1 16
2/ =  3 8 9 . 2 7 3 .2 8 0 9 < 0 . 0 0 1 50 1 16
Table 6.2: Extrapolation parameters and resulting elastic breakup cross sec­
tion. 4 xt is the maximum partial wave from which contributions to the cross 
section are added. cText(2 ' ,^ 0 "^ ) is the additional cross section obtained from 
the extrapolation. (7dis(2" ,^ 0 "^ ) is the inclusive cross section including the 
extrapolation.
6.3.2 R esu lts
As with the ^^Be calculations in Section 6.2, the cross section for breakup to 4  =  10 
is not insignificant suggesting there is breakup to higher partial waves. Truncating the 
calculation at ^max =  10 gives an elastic breakup cross section of 15 mb. The code of 
Tostevin [95] is used to calculate the inclusive eikonal cross section (4.29). Using the 
same wave functions and S  matrices as in this new calculation gives a cross section of 17 
mb. Again, as in the case of ^^Be, using this truncation, this calculation under predicts 
the inclusive closure breakup cross section and an extrapolation is needed to take into 
account breakup to higher £ values. A curve of the form y = ax~^, where a = 350.94 and 
b = 3.2215 is fitting to 4  =  6  — 10. Extrapolating up to 4xt =  52, where contributions 
from each individual 4  become less than 0 . 0 1  mb, results in a total breakup cross section 
of 16 mb. The 1 mb discrepancy is of the same as the in the case of ^^Be presented 
in Section 6.2.3 and is small compared to the errors on the available experimental data 
[14, 15]. Using a curve of the form y = where a = 389.27 and b = 3.2809, to fit
4  =  6  — 1 0  gives an additional 1  mb of cross section resulting in an inclusive cross section 
of 16 mb. This is a similar result to the first extrapolation. These results are summarised 
in Table 6.2.
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Chapter 7 
Eikonal Calculations for the Elastic 
Breakup of
In this Chapter the formalism developed in Chapter 5 is used to describe the elastic 
breakup of ^^Be on a ®Be target at 60 MeV per nucleon. Partial cross sections are pre­
sented for both the inert-core case, where the core acts as a spectator, and the dynamic- 
core case, where the core can excite during the reaction process. These new results 
are compared with the experimental partial cross sections of Aumann et al. [14]. The 
parameters for these calculations are chosen such that, in both the inert-core case and 
the dynamic-core case, the sum of the partial cross sections for elastic breakup can be 
compared directly with the inclusive cross sections of Batham et al. [42]. The calcu­
lations therefore provides a test of the consistency of these two theoretical approaches 
within an eikonal framework. The results are also used to examine the approximation 
that partial cross sections for elastic breakup can be calculated by incoherently summing 
single-particle cross sections weighted by spectroscopic factors [17]. Finally, the partial 
cross sections for elastic breakup are compared with the those obtained from the X CD CC 
calculation of Summers et al. [44].
In Chapter 3 CDCC calculations of the elastic breakup of ^^Be on ^^C were presented. 
Modelling the projectile as a pure s wave neutron bound to an inert 0"^  core did not 
reproduce the 3/2+ resonance that occurs at 2.88 MeV in the experimental relative en­
ergy spectrum (Figure 3.12). This resonance is predicted to be built on a 2+ core and 
only have a small fraction of [Ods/ 2  0  0 +]s/2 + single-particle component [2 1 ] so it is not 
surprising that it was not observed in the calculation. Calculations predict that configu­
rations including a 2+ core make up a significant part of the the ^^Be(l/2+) ground state
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Calculation S'(0 ^5 /2 ,2+)
Otsuka et al [56] 0.4
Nunes et a l [77] 0 . 2
Aumann et al [14] 0.18
Esbensen et al. [76] 0 . 1
Mau [55] 0.07
Table 7.1: Spectroscopic factors for the amount of the admixture of [0 ^5 / 2  0  
2 +]i/2 + in the bound ^^Be(l/2+) wave function.
wave function. Early variational shell model calculations by Otsuka et al. [56] using 
a Skyrme interaction [98] manage to successfully reproduce the inversion of the bound 
1 / 2 + and 1 / 2 “ energy levels. A key factor in binding the 1 / 2 + states is the presence of 
a [0 ^5 / 2  0  2+] 1/ 2 + component which is calculated to have a spectroscopic factor of 0.4. A 
particle-vibration coupling approach by Man [55] also reproduces the parity inversion but 
arrives at the significantly smaller spectroscopic factor of C'^6 '(0 d5/ 2 , 2+) =  0.07. Further 
results fall in between these two values. Coupled-channels calculations by Esbensen et 
al. [76] treat ^^Be as a valence nucleon weakly-bound to a deformed ^°Be core. Includ­
ing the 0 + and 2 + core states and tuning the core-valence interaction to reproduce the 
lowest 1/2+ and 5/2+ positive parity states results in a spectroscopic factor of 0.1 for 
a [0 ds/ 2  0  2+] 1/ 2 + configuration in the ground state wave function. Work by Nunes et 
al. [77] uses a coupled-channels rotational model akin to that of Esbensen et al. but is 
not limited to describing the positive parity states. This case yields the slightly larger 
spectroscopic factor of 0.2. This is in close agreement with the spectroscopic factor of 
0.18 produced from the shell model calculations of Aumann et al. [14] using interactions 
of Warburton and Brown [99]. These results are summarised in Table 7.1.
Within the formalism developed in Chapter 5 the projectile is described using a rota­
tional model, as used in the calculations of Esbensen et al. and Nunes et al. In the 
calculations presented in Section 7.2, both the 0+ and 2 + core states are included in the 
description of the projectile and the ^^Be(l/2+) ground state thus looks like an admix­
ture of three combinations; [lsi / 2  0  0 +]i/2 +, [0 ^5 / 2  0  2+] 1/ 2 + and [0 ds/ 2  0  2 +]i/2 +. The 
spectroscopic factors for these configurations are 0.84, 0.13 and 0.03 respectively. The 
spectroscopic factor of 0.13 for the [0 ^5 / 2  0  2+] 1/ 2 + configuration lies in between the pre­
vious particle-rotor calculations of Esbensen et al. and Nunes et al. The parameters 
used to obtain these spectroscopic factors will be discussed in Section 7.1.
A further feature absent in the CDCC calculation of Chapter 3 but present in Section
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Model Interaction Kas Ko R a A
CC ^^Be{0+,2+} -bn 54.24 8.5 2.483 0.65 +  0.67
SP ^^Be{0+} -b n{lsi/2} 64.23 8.5 2.483 0.65 -
SP ^^Be{0+} -b n{0ds/2} 78.73 8.5 2.483 0.65 -
SP ^^Be{0+} -b n{0d3/2} 80.71 8.5 2.483 0.65 -
Table 7.2: Parameters for Equations (5.5) and (5.6). The potential radius, R, 
and the diffuseness, a are the same for both the Woods-Saxon and spin-orbit 
potentials.
7.2.3 is the possibility of core excitation. This potential for excitation and de-excitation 
of the core comes from a deformed core-target S  matrix (5.46) which can couple the dif­
ferent core states. The single-particle calculation of Aumann et al. requires the inclusion 
of an estimate of core excitation to explain the partial cross section for breakup to the 
2 + core state after single-nucleon knockout from ^^Be. A motivation for this particular 
calculation is to examine this estimate. This is discussed further in Section 7.4.
7.1 M odel Space
The parameters for the calculation of the breakup of ^^Be on ^Be at 60 MeV per nu­
cleon are now presented. They are chosen so that, in both the inert-core case and the 
dynamic-core case, the sum of the partial breakup cross sections can be compared directly 
with the inclusive elastic breakup cross section of Batham et al. [42]. The parameters 
required to produced the bound and scattering states of the projectile are presented first. 
Both the 0+ and 2+ core states are included throughout. These are the states tha t are 
expected to dominate in the reaction [86]. The neutron separation energy is Sn = 0.5 
MeV [58] and the energy of the 2+ excited core state is 6 2 + = 3.4 MeV [100]. The core 
has a deformation of /? 2  =  -1-0.67 [77], calculated from the B(E'2,0+ 2+) value from
[101]. Including all possible couplings of the core and valence neutron, the ^^Be(l/2+) 
ground state consists of an admixture of three configurations; [I5 1 / 2  0  0+], [0 ^5 / 2  0  2 +] 
and [0 ^3 / 2  0  2+]. The potential parameters for the coupled-channels (CC) description 
of the projectile are listed in the first row of Table 7.2. The coupled-channels bound 
(5.8) and scattering (5.25) radial wave functions are calculated using the code M ESH [81] 
and the resulting spectroscopic factors can be found in Table 7.3. The radial scattering 
wave functions are calculated explicitly up to a relative angular momentum of ^max =  1 0  
and breakup to higher partial waves is included through extrapolation, as described in 
Section 6.2. Including all possible couplings of j  and I  results in 118 continuum chan-
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C ^S(lsi/2 , 0 +) C"5'(0rf5/2,2+) C^5(0d3/2,2+)
0.84 0.13 0.03
Table 7.3: Spectroscopic factors obtained from the code MESH [81] using the 
potential parameters from the first row of Table 7.2.
nels and 628 coupled channels scattering wave functions for each asymptotic projectile 
energy. An equivalent calculation where the closure relation had been employed would 
only require the 3 bound channels and there would therefore only be 9 coupled channels 
wave functions. This gives an indication of the relative computational complexity of this 
calculation. For the single-particle (SP) case, the three bound state wave functions are 
calculated using the code B O U N D  [102]. The core is spherical and the potential depths 
are varied to reproduce the appropriate effective binding energies, B  = -b c/tt. The 
resulting parameters are listed in rows 2 - 4 of Table 7.2.
The parameters for the neutron-target (5.53) and core-target (5.46) S  matrices are pre­
sented. The average of the free space nn  and np total cross sections is = 88.0 mb 
calculated using the formulae in [93]. The cross section weighted average of the real to 
imaginary parts of the forward NN scattering amplitudes is =  1.22. It is calculated 
from the 100 MeV real to imaginary nn  and np amplitude ratios, 1.87 and 1.00 of [94]. 
The ^Be target has a spherical Gaussian density with rms m atter radius of {r‘^ )At =  2.36 
fm [92]. The core-target S  matrix uses a Woods Saxon m atter density for ^°Be with an 
rms radius of (r^)Ac = 2.28 fm [33] and diffuseness of ac = 0.5 fm. In the inert-core case 
/? 2  =  0. In the dynamic-core case /? 2  =  -bO.67. The deformed core-target S  matrix for 
^°Be on ®Be is shown, as S tq  (5.61), in Figure 7.1. The definition of S tq  means it is 
only dependent on the modulus of Q. It is found numerically tha t T-\-Q  must be even or 
S t q  vanishes. In the dynamic core case a truncation is made at |7Aax|=2 as the S t q  for 
T  =  4 are approximately an order of magnitude smaller. For the inert case T  is restricted 
to zero.
For the coupled-channels calculations, the elastic breakup cross sections are calculated 
using the code b r e a k u p  to solve equation (5.71), as described in Section 6.1. Breakup 
is calculated to a maximum relative energy of = 40 MeV and a maximum impact 
parameter of 6 max =  18 fm. The radial integral (5.63) is performed to r^ax =  60 fm. The 
single-particle stripping (4.30) and diffractive (4.29) cross sections are obtained using the 
code N T R  [95].
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Figure 7.1: The deformed ^°Be-target S  matrix as a function of the core 
impact parameter (5.61). The solid lines represent the real part and
the dashed lines the imaginary part. It is found numerically that T  +  Q must 
be even or S tq vanishes.
66
7.2 R esults
The results of the calculations are now presented. Following the analysis of Summers et 
al. [43, 44], three different sets of calculations are performed to examine the importance 
of core excitation and the interference between different configurations of the projectile. 
The first set of calculations follow the traditional method of constructing partial cross 
sections from a weighted sum of single-particle cross sections (2.2). This single-particle 
inter-core case neglects any interference terms and assumes the core is inert and acts as a 
spectator during the reaction process. The second set of calculations include the multiple 
configurations of the projectile in a coherent manner but also assume the core is an inert 
body that cannot change its state. This is referred to as the coupled-channels inert-core 
case. The final set of calculations is the coupled-channels dynamic-core case. In addition 
to coherently including multiple configurations of the projectile, it also includes excitation 
of the core.
7.2.1 Single-Particle Inert-C ore
As presented in Section 6 .2 . 2  the single-particle cross section for the elastic breakup 
of the [l5 i / 2  (g) 0 ‘*‘]i/ 2  configuration is 8 8  mb. The single-particle cross sections for the 
elastic breakup of the [6 ^5 / 2  0  2 +] 1 / 2  and [Ods/ 2  (g) 2 *^] 1 /2  configurations are 1 1  mb and 1 0  
mb respectively. These cross sections are significantly smaller than the 8 8  mb of the s 
wave configuration because they have a larger effective binding energy and an additional 
centrifugal barrier. The 0*^  and 2+ partial cross sections are obtained from the sum of 
the single-particle cross sections weighted by the appropriate spectroscopic factors (2 .2 ). 
The partial cross section for elastic breakup to a 0"^  core state is therefore 74 mb. The 
small spectroscopic factors for the configurations with an excited core component result 
in a partial cross section for elastic breakup to a core 2'  ^ state of only 1 mb. These results 
are summarised in Table 7.4.
7.2.2 C oupled-C hannels Inert-Core
In the coupled-channels inert-core case, the partial cross section for elastic breakup to a 
0"^  core is o"dig(l/2+, 0"^ ) =  76 mb. This is smaller than the 89 mb elastic breakup cross 
section for spherical core calculation in Section 6.2.3. This difference is largely due to 
the fact the ^^Be(0 '*') component of the ground state now has a spectroscopic factor of 
C^5 '(1 s i/2 , 0+) =  0.84 rather than C ‘^ S{lsi/2,0'^) = 1.00 and it can be seen the cross
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i r ^diff
0 + 1 ^1 /2 8 8 0.84 74
2 + Ods/ 2 1 1 0.13 1
2 + 0^3/2 1 0 0.03 0
Table 7.4: Calculated single-particle inert-core cross sections (in mb) for 
diffractive breakup. The final column contains the contributions to the par­
tial cross sections. They are a sum of the single-particle cross section multi­
plied by the appropriate spectroscopic factor (2 .2 ).
sections have approximately this ratio. The partial cross section is 2 mb greater than the 
single-particle inert-core value of 74 mb due to constructive interference effects.
The presence of configurations with an excited core component in the ^^Be(l/2 +) bound 
state wave function results in elastic breakup to the 2 + core state even in the absence 
of core excitation. The partial cross section for elastic breakup to a 2""" core is 4 mb in 
the coupled-channels inert-core case. This is a 3 mb increase compared to the single­
particle inert-core calculation, and is a similar absolute increase to that in the 0 "^  partial 
cross section. Therefore going from a single-particle to a coupled-channels calculation 
has increased the inclusive cross section for diffractive breakup by < 10%. As already 
mentioned, this increase in the cross section is due to constructive interference between 
the projectile configurations. As the single-particle calculation is far less computation­
ally severe than the inert-core coupled-channels configuration, it is necessary to consider 
whether including these interference effects merits such an elaborate calculation. Consid­
ering the errors on the experimental partial cross sections are greater than 15% [14] this 
is of particular note.
7.2.3 C oupled-C hannels D ynam ic-C ore
The partial cross section for elastic breakup to O'*’ is 84 mb for the dynamic-core calcu­
lation. This is an increase of 8  mb on the coupled-channels inert-core calculation. The 
partial cross section for elastic breakup to a 2+ core in the dynamic case is 6  mb. This is 
an increase of 2 mb compared to the inert core case. Including the core degree of freedom 
has provided an additional path by which energy can be transferred to the projectile from 
the relative motion. As the projectile is weakly-bound, the dominant effect of this energy 
transfer is expected to be breakup. The increase in the breakup partial cross sections 
comes from the breakup of ^^Be projectiles in the beam that did not break up previously 
and were, at most, elastically scattered.
Model Core (Tdig(l/2 + ,0 +) (Tdig(l/2 + ,2 +) S
SP Inert 74 1 75
CC Inert 76 4 80
cc Dynamic 84 6 90
Table 7.5: Calculated partial cross sections (in mb) for the diffractive breakup 
of ^^Be(l/2 '^) on ^Be at 60 MeV per nucleon.
II <^ str o-str(l/2 + ,;r )
0 + 1<5i/2 117 0.84 98
2 + 0^5/2 31 0.13 4
2 + Ods/ 2 30 0.03 1
Table 7.6: Calculated single-particle inert-core cross sections (in mb) for 
stripping. The final column contains the contributions to the partial cross 
sections. They are a sum of the single-particle cross section multiplied by 
the appropriate spectroscopic factor (2 .2 ).
The results of the three sets of calculations are summarised in Table 7.5. The total 
elastic breakup cross section to both core states in the single-particle inert-core case is 
75 mb. On going to a coupled-channels dynamic-core calculation there are significant 
increases in both the partial cross sections and the total cross section for elastic breakup 
is increased by 2 0 %.
7.3 Comparison w ith Experim ental D ata
In order to compare these new results with the available experimental data [14] the cross 
section for stripping must be included. The work within a weak coupling approach by 
Batham et al. [42] and the strong coupling approach of Sakharuk and Zelevinsky [41] 
suggest that the inclusion of collective core excitation has little effect on calculations of 
the stripping cross section. An estimate of the stripping cross section calculated using 
a single-particle inert-core approach is therefore included. The stripping single-particle 
cross sections are shown in Table 7.6. The resulting single-particle partial cross sections 
for stripping are added to the diffractive cross sections in Table 7.5 to give total breakup 
cross sections. These total breakup cross sections are shown in Table 7.7 alongside the 
experimental data of Aumann et al [14]. It can be seen that even the traditional-single 
particle calculation falls within the large error bar for the partial 0"^  cross section. The
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Model Core o-_i^(l/2 + ,0 +) (7_i^(l/2+,2+) E
SP Inert 172 6 178
CC Inert 174 9 183
CC Dynamic 182 1 1 193
EXP - 203(31) 16(4) 219(31)
Table 7.7: Comparisons of partial breakup cross sections, 7^) +
with experimental data [14]. The stripping cross section is
calculated using a single-particle inert-core approach.
cross section for breakup to 2+ is under-predicted by all the calculations. However,
going from the traditional single-particle approach to a coupled-channels approach and
then adding the possibility of core excitation brings the theoretic calculations within 1  
mb of experimental value. Although the work by Batham et al. [42] suggests dynamic 
excitation has little effect on the stripping cross section, it has been seen in Section 7.2.2 
that using a coupled-channels description of the wave function can have an effect on the 
partial cross sections. A similar increase in the stripping cross section, as was found in the 
diffractive partial cross sections, would increase the 2 + partial cross section such tha t it 
would be in agreement with the experimental result. Upon comparing the inclusive sum 
of the partial cross sections, the coupled-channels dynamic-core calculation is the only 
one that falls within the bounds of the experimental error. The results in this chapter 
are only concerned with nuclear breakup. This is a reasonable assumption due to the use 
of the light ^Be target. However, in the work by Aumann et al. [14] a 7 mb estimate of 
contribution to the ground state from Coulomb breakup is included. This addition would 
move the 0 + cross section closer to the experimental value but is unlikely to change the 
2+ partial cross section. The experimental data show breakup to the 1“ and 2“ negative 
parity states of core. These states are populated by the removal of a ps/ 2  core neutron 
leaving a [lsi/ 2  0^Be(3/2“ )] configuration. This process cannot be included in the particle 
rotor model as described in Chapter 5.
7.4 Comparison w ith Theoretical Calculations
In the work of Aumann et al. [14] partial cross sections for elastic breakup calculated 
using a single-particle inert-core approach are compared with the experimental data. In 
order to reproduce the partial cross section for breakup to the 2 "^  state an estimate of 
the effect of core excitation is included. The resulting 11 mb single-particle cross section 
is multiplied by the 0.74 spectroscopic factor for the 0"^  core state to give an additional
7Ô
Calculation Inert-Core Dynamic-Core
0 + 2 + S 0 + 2 + E
Howell et al. 76 4 80 84 6 90
Summers et al [43, 44] 107 8  115 109 8 117
Batham et al [42] - 7&3 - 8&5
Table 7.8: Comparisons of theoretical elastic breakup cross sections. Note 
the XCDCC calculation includes the effects of Coulomb breakup.
cross section of 8  mb. This agrees, within 2 mb, with the 10 mb increase that arises upon 
going from an inert-core coupled-channel calculation to a dynamic-core coupled-channels 
calculation. However, in this work, the majority of the additional cross section due to 
core excitation appears as a 8  mb increase in breakup to the 0 "^  core state and the increase 
in the 2"^  partial cross section is only 2 mb. As the calculation of Aumann et al. uses a 
single-particle approach a more accurate comparison with the 8  mb estimate is the 5 mb 
increase in the 2 + partial cross section when going from a single-particle inert-core calcu­
lation to a coupled-channels dynamic-core calculation. This includes the 3 mb increase 
that comes from treating the projectile configurations coherently.
The parameters for the coupled-channels calculations presented in Sections 7.2.2 and
7.2.3 were chosen so that the sum of the exclusive partial cross sections for elastic breakup 
could be compared directly with the inclusive cross section of Batham et al. [42]. The 
results should be equivalent, assuming a large enough model space has been used for this 
calculation. Batham et al. predict an inclusive elastic breakup cross section of 78.3 mb 
in the inert-core case. Summing the coupled-channels inert-core 0"^  and 2^ partial cross 
sections from this work gives an inclusive cross section of 80 mb which compares well 
with that of Batham et al. Consistent with the single particle calculation for ^^Be in 
Section 6 . 2  it can be seen that this calculation slightly over estimates the inclusive cross 
section and this is most likely due to the choice of fit when performing the extrapola­
tion to include breakup to higher partial waves. A further test of the two calculations 
is the comparison of the difference between the equivalent inert-core and dynamic-core 
calculations. Batham et al predict an increase of 8.2 mb upon the inclusion of dynamic 
excitation. This result is in reasonable agreement with the value of 10 mb obtained in 
this work.
Summers et al [43] have examined the reaction studied in this Chapter using an XCDCC 
approach. When using a single-particle inert-core approach (CDCC single particle cross 
sections multiplied by spectroscopic factors) Summers et al obtain partial cross sec­
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tions of 109 mb and 1 mb for the O'*" and 2+ core states respectively. Upon going to 
a coupled-channels inert-core approach the cross sections are modified to 107 mb and 8  
mb for the O'*" and 2+ states respectively. The 7 mb increase in the 2'  ^ cross section is 
much larger than the 3 mb increase when making the equivalent change in this work. 
Upon adding core excitation, the 0"^  cross section increases back up to 109 mb and the 
2+ cross section remains at 8  mb. The fact that adding dynamic excitation has more 
effect on the 0 ^ cross section than the 2 "^  cross section is consistent with the findings in 
this work. However, in this work, going from a coupled-channels inert-core approach to a 
coupled-channels dynamic-core approach increases the inclusive cross section by 1 0  mb. 
This compares with just 2 mb for the equivalent change in the calculations of Summers et 
al. Treating the projectile in a coherent manner, within the XCDCC calculation, seems 
to be much more important than including the effects of core excitation. It should be 
noted that these two calculations have different projectile Hamiltonians, as the XCDCC 
calculation uses a parity dependent potential to describe ^^Be. The XCDCC calculation 
also includes Coulomb breakup (of the order of 10 mb to the 0"^  state), has a slightly 
smaller spectroscopic factor of 0.117 for the 2+ state. The XCDCC model space is also 
smaller than that used in this work since it is truncated at ^ =  4 and =  4+, although 
this is consistent with CDCC calculations, like the that described in Chapter 3. The 
theoretical results are sumarised in Table 7.8.
A comparison of the calculated dynamic-core theoretical single-neutron knockout cross 
sections and the experimental data is shown in Table 8 .8 . The results of Howell et al. 
and Summers et al. [44] include the stripping contributions from Table 7.6. The result of 
Batham et al. contains the stripping cross section calculated in that work [42]. The final 
column represents the inclusive theoretical cross section as a percentage of the measured 
experimental value. The calculation of Summers et al. includes a 10 mb contribution 
from Coulomb breakup which is not present in either of the eikonal calculations. The 
calculation of Batham et al. uses closure and explicitness includes breakup to all final 
projectile states. The fact the final result is in agreement with the calculation from this 
work suggests that it is the 0 "^  and 2 ^ core states which dominate in this reaction.
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Calculation 0 + 2 + E %
Howell et al 182 1 1 193 8 8
Summers et al. [43, 44] 207 13 2 2 0 1 0 0
Batham et al. [42] - - 195.4 89
EXP [15] 203(31) 16(4) 219(31) -
Table 7.9: Comparisons of calculated dynamic-core theoretical single-nucleon 
knockout cross sections with experiment. The final column represents the in­
clusive theoretical cross section as a percentage of the measured experimental 
value.
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Chapter 8 
Eikonal Calculations for the Elastic 
Breakup of
In this Chapter the elastic breakup of "^^ C on ®Be at 62 MeV per nucleon is examined 
using the formalism developed in Chapter 5. Partial cross sections are presented for both 
the inert-core and dynamic-core cases. The results are compared with the experimental 
data of Maddalena et a l [15] and the elastic breakup cross sections obtained using the 
single-particle approach traditionally used in the literature [17]. The elastic breakup cross 
sections are also compared with the inclusive (of all final states) dynamic-core eikonal 
results of Batham et al [42] and the XCDCC results of Summers et al [44].
The isotope ^^C lies between two single-neutron halos in the form of ^^C and ^^C [12]. 
The presence of a neutron halo in ^^C is hindered because of the centrifugal barrier due 
to the d wave valence neutron. Although not a halo nucleus, ^^C is weakly bound with 
a neutron separation energy of 0.729 MeV [97]. Initial shell model calculations predicted 
a ground state spin-parity of either 1/2+ or 3/2+, depending on the choice of interac­
tion [103]. Further shell model calculations with an improved interaction predict a 3/2+ 
ground state spin-parity [99] and this is consistent with the assignment obtained from rel- 
ativistic mean field calculations [104]. Work on single-neutron knockout from "^^ C found 
experimental results in agreement with shell model spectroscopic factors based upon a ^^C 
ground state spin of 3/2+ [15]. Shell model calculations by Maddalena et a l [15] predict 
a very small component of ^®C(0+) in the ^^C(3/2+) ground state wave function and using 
a single-particle eikonal approach (2 .2 ) gives a 2  mb theoretical cross section for breakup 
to the 0+ core state. This is an order of magnitude smaller than the experimental value 
of 2 2 (1 1 ) mb. As mentioned, most of the spectroscopic strength is predicted to be a d
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Model Interaction Ko R a A
CC ^^C{0+,2+}-kn 46.64 6.0 3.2 0.65 -b 0.55
SP ^®C{0+} "b n { 0 dz/2 } 55.07 6.0 3.2 0.65 -
SP ^®C{2+} -b n{l5i/2} 49.77 6.0 3.2 0.65 -
SP ^®C{2+} -b ^{ 0 ^3 / 2 } 58.95 6.0 3.2 0.65 -
SP ^®C{2+} -b ^,{0 ^5 / 2 } 47.89 6.0 3.2 0.65 -
SP ^®C{2+} +  n{0p7/2} 139.00 6.0 3.2 0.65 -
Table 8.1: Parameters for Equations (5.5) and (5.6) used to describe the 
ground state. The potential radius, R, and the diffuseness, a are the same 
for both the Woods-Saxon and spin-orbit potentials.
wave neutron coupled to the 2+ core state with an excitation energy of €2+ = 1.766 MeV 
[105]. It is unlikely that performing a coupled-channels inert-core calculation wave func­
tion, rather than adopting a single-particle approach, will have a large effect on the cross 
section for breakup to the 0+. This is because there is such a small spectroscopic factor 
for finding configurations with this 0+ core state in the bound wave function. Therefore 
dynamic treatment of the core must be considered as it is possible that the cross section 
for breakup to configurations including the 0+ core state could almost entirely arise from 
breakup events including a de-excitation of the 2+ core state.
8.1 M odel Space
The parameters for the breakup of on ^Be at 62 MeV per nucleon are now presented, 
starting with the inputs required to produce the bound and scattering wave functions. 
Both the 0+ and 2+ core states are included throughout. The neutron separation energy 
is Sn = 0.729 MeV [97] and the energy of the 2+ excited core state is 6 2+ = 1.766 MeV
[105]. As in [42], the core is assumed to have a quadrupole deformation of ^ 2  =  0.55. The 
ground state wave function has spin 3/2+ [15] and the five possible neutron-core con­
figurations are included: [Od3 / 2  0 O+]s/2 +, [l5 i / 2  0 2 +]3 / 2 +, [0 ^3 / 2  0  2+]3 / 2 +, [0 ^5 / 2  0  2+]3 /2 + 
and [0 ^7 / 2  02+]3 /2 +. The potential parameters for the coupled-channels (CC) description 
of the projectile are listed in the first row of Table 8.1. The coupled-channels bound (5.8) 
and scattering (5.25) radial wave functions are calculated using the code m e s h  [81] and 
the resulting spectroscopic factors can be found in Table 8.2. The spectroscopic strength 
of the dominant [d 0  2+] configuration is 0.733 and this is similar to the 0.721 spectro­
scopic factor used in the work of Summers et al [43]. We therefore use the calculation as 
an opportunity to compare the results with those obtained from the XCDCC calculation
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C^5(0d3/2,0+) C"5(1si/2,2+) C'"5(0d3/2,2+) C^5(04/2,2+) C^5(0s7/2,2+)
0.052 0.213 0.181 0.552 0 . 0 0 1
Table 8.2: Relative amounts of the different core and neutron configurations 
in the ground state.
[44]. The radial scattering wave functions are calculated explicitly up to a relative an­
gular momentum of =  1 0 , and breakup to higher partial waves is included through 
extrapolation, as described in Section 6.2. All possible couplings of I  and j  are included. 
For the single-particle (SP) case, the bound state wave functions are calculated using the 
code BO U N D  [102]. The core is spherical and the potential depths are varied to reproduce 
the appropriate effective binding energies, B  ~  Sn +  c/tt. The resulting parameters are 
listed in rows 2 - 6  of Table 8.1.
The parameters for the neutron-target (5.53) and core-target (5.46) S  matrices are now 
presented. The average of the free space nn  and np total cross sections is d^w=84.7 
mb. The cross section weighted average of the real to imaginary parts of the forward 
NN scattering amplitude is ocnn =  123 from the 100 MeV real to imaginary nn  and np 
amplitude ratios [94]. The ^Be target is assumed to be spherical with a Gaussian density 
and rms radius of =  2.36 fm. The core has a Woods-Saxon m atter density
with an rms radius of {r^)Ac =  2.70 fm and a diffuseness of ac = 0.5 fm. In the inert-core 
case, the core is spherical and thus /? 2  =  0. In the dynamic-core case the core has a 
deformation of /? 2  =  +0.55. As in the ^^Be calculation, in Chapter 7, the core couplings 
are truncated at |T| =  2 to make the calculation practical from a computational point 
of view. From Figure 8.1 it can be seen that this is reasonable as S tq is significantly 
smaller for T  =  4 than T  =  0,2. For the inert-core calculation T  is restricted to zero.
For the coupled-channels calculations, the elastic breakup cross sections are calculated 
using the code b r e a k u p  to solve equation (5.71), as described in Section 6.1. Breakup 
is calculated to a maximum relative energy of =  40 MeV and a maximum impact 
parameter of 5max =  18 fm. The radial integral (5.63) is performed to rmax =  60 fm. The 
single-particle stripping (4.30) and diffractive (4.29) cross sections are obtained using the 
code N T R  [95].
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Figure 8.1: The deformed ^®C-target S  matrix, as defined in Equation (5.61), 
as a function of the core impact parameter . The solid lines represent the 
real part and the dashed lines the imaginary part. It is found numerically 
that T  Q  must be even or S t q  vanishes.
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(Tdig(3/2+,7r)
(n) (h) (mb) (mb)
0 + Ods/2 16 0.053 1
2 + 1-51/2 26 0.213 6
2 + 0^3/2 1 0 0.181 2
2 + 0^5/2 1 2 0.552 7
2 + Op7/2 6 0 . 0 0 1 0
Table 8.3: Calculated single-particle inert-core cross sections (in mb) for the 
diffractive breakup of The final column contains the contributions to 
the partial cross sections. These contributions are the single-particle cross 
sections multiplied by the spectroscopic factors (2 .2 ).
8.2 Results
The results of the elastic breakup calculations are now presented. The first calculation 
is the single-particle inert-core case. The is the kind of calculation that is traditionally 
used in the literature. The partial cross sections for elastic breakup are given by a sum of 
single particle cross sections weighted by spectroscopic factors (2.2). The second calcu­
lation is the coupled-channels inert-core case. This includes the multiple configurations 
of the projectile coherently. It still treats the core as a spectator tha t cannot excite 
during the reaction process. The final calculation is the coupled-channel dynamic-core 
calculation. This includes the projectile configurations coherently and also incorporates 
excitation of the core to all orders.
8.2.1 Single-Particle Inert-C ore
The elastic breakup cross section from the single-particle inert-core calculations are pre­
sented in Table 8.3. The small spectroscopic factor for finding the 0"^  core state in the 
bound state means the corresponding partial cross section is only 1 mb. The partial cross 
section for breakup to the state is 15 mb.
8.2.2 Coupled-C hannels Inert-Core
The partial cross section for breakup to the 0"^  core state is 2 mb. This is a 1 mb increase 
on the single-particle cross section. The partial cross section for breakup to the 2"^  core 
state is 12 mb. This is a 3 mb decrease on the single-particle cross section. In the
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Model Core (Tdig(3/2+,0+) (Tdis(3/2+,2+) S
SP Inert 1 15 16
CC Inert 2 1 2 14
CC Dynamic 5 15 2 0
Table 8.4: Calculated partial cross sections (in mb) for the diffractive breakup 
of i^C(3/2+) on ^Be at 60 MeV per nucleon.
case of ^^Be, presented in Section 7.2.2, the inclusive cross section for elastic breakup 
was increased upon going from a single-particle to a coupled-channel description of the 
projectile. In this case, destructive interference has caused the inclusive cross section to 
decrease by 2  mb.
8.2.3 Coupled-C hannels D ynam ic-C ore
The partial cross section for elastic breakup to the O'*" core state is 5 mb in the coupled- 
channels dynamic-core case. This is a factor of five times larger than the single-particle 
partial cross section and a 3 mb increase compared to the coupled-channels inert-core 
case. Therefore, in this eikonal model, the majority of the 0+ partial cross section comes 
from elastic breakup events due to the presence of a dynamic-core. The partial cross 
section for breakup to the 2+ core state is 15 mb. As with elastic breakup to the 0"^  core 
state, this is an increase of 3 mb due to the presence of a dynamic-core. The 2"^  partial 
cross section is the same as in the single-particle case. The results are summarised in 
Tables 8.4. Treating the projectile configurations coherently has an absolute effect of 2 
mb on the inclusive cross section for elastic breakup. Adding core-excitation has a 6  mb 
absolute effect on the inclusive cross section for elastic breakup. As in the case of ^^Be, 
presented in Section 7.2.3, core excitation is the dominant of these two effects.
8.3 Comparison w ith Experim ental D ata
The inclusive experimental breakup data of Maddalena et a l [15] includes contributions 
from both stripping and diffractive breakup. In order to compare the results in Table
8.4 with the experimental data, a single-particle inert-core estimate of the stripping cross 
section is included. As noted previously, calculations in the literature have shown that 
core-excitation has a small effect on the stripping cross section [41, 42]. The area of 
the most interest is the partial cross section for breakup to the O’*" core state. In this
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<^ str (Tgtr(3/2+,7D
(7i) (/I) (m b) (m b)
0 + Odg/2 33 0.053 2
2 + 1-51/2 49 0.213 1 0
2 + Odg/2 25 0.181 5
2 + 0^5/2 28 0.552 15
2 + Op7/2 19 0 . 0 0 1 0
Table 8.5: Calculated single-particle inert-core cross sections (in mb) for 
stripping of a neutron from "^^ C. The final column contains the contributions 
to the partial cross sections. These contributions are the single-particle cross 
sections multiplied by the spectroscopic factors 2 .2 .
Model Core (7_i^(3/2+,0+) o-_i^(3/2+,2+) S
SP Inert 3 45 48
CC Inert 4 42 46
CC Dynamic 7 45 52
EXP - 2 2 (1 1 ) 60(12) 82(16)
Table 8 .6 : Comparisons of partial breakup cross sections, o-gtr(3/2+, 7^) -t- 
c7diff(3 / 2 +, J ’^ ), with experimental data [15]. The stripping cross section is 
calculated with a single-particle inert-core approach.
calculation, the spectroscopic strength for finding this 0 + core state within the bound ^^C 
projectile is only 0.053. However, the experimental O'*" partial cross section is over 25% of 
the total cross section. All 3 calculations under-predict the experimental 0"^  partial cross 
section. This is consistent with other theoretical calculations [42, 43]. However, going 
from a single-particle to a coupled-channels model, and then including a dynamic core, 
brings the theoretical result closer to the experimental value. Similarly, the calculations 
of the 2"^  partial cross section under-predict the corresponding experimental results. A 
possible reason for this may be the presence of a 4"^  core state. Recent data from proton 
inelastic scattering on a liquid hydrogen target have been used to investigate the unbound 
excited states in [106]. The data show three resonance peaks at excitation energies of 
2.20(3) MeV, 3.05(3) MeV and 6.19(9) MeV. They are assigned, by DWBA calculation, 
to be 7/2+, 9/2+ and 5/2+ respectively. These resonant states could have a significant 
effect on the cross section but are not included explicitally in the current model.
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Calculation Inert-Core Dynamic-Core
0 + 2 + E 0 + 2 + S
Howell et al 2 12 14 5 15 20
Summers et al [43, .44] 5 11 17 7 14 21
Batham et al [42] - 1 1 . 8 - - 29.7
Table 8.7: Comparisons of theoretical elastic breakup cross sections. Note the 
XCDCC calculation are one-step and include the effects of Coulomb breakup 
which is not present in either of the eikonal approaches.
8.4 Comparison w ith Theoretical Calculations
A comparison of theoretical calculations is shown in Table 8.7. Summers el al. have anal­
ysed the breakup of ^^C on ®Be using an XCDCC approach [43, 44]. Note that we use 
the one-step (no continuum couplings) calculation of Summers et al for comparison in 
order to have information about both the inert-core and dynamic-core calculations using 
XCDCC. The spectroscopic factor of 0.721 for the dominant [d 0  2 +]g/2 + configuration 
in consistent with the value of 0.733 used in this work. Summers et al obtain a partial 
cross section of 5 mb for breakup to 0+ in the inert-core case. This is increased to 7 mb 
when dynamic excitation is added. This compares with an increase from 2 mb to 5 mb 
in this work. The value of Summers is slightly larger due to the spectroscopic factor of
0.175 for finding a 0+ core in the bound wave function compared to the spectroscopic 
factor of 0.053 in this work. When considering breakup to the 2+ state. Summers et al 
get an inert partial cross section of 11 mb which is increased to 14 mb in the dynamic 
case. This compares well with the result of 12 mb increased to 15 mb in this work.
In the work of Batham et al [42], the projectile has a unit spectroscopic factor 
for a d wave coupled to a deformed 2+ core. The inclusive diffractive breakup cross sec­
tion in the inert-core case is 11.8 mb. This is close to the 14 mb of this work. It is also 
consistent with the single-particle cross section for the d wave partners coupled to the 2 + 
core in Table 8.3. Upon adding a dynamic-core the inclusive diffractive cross section of 
Batham et al is increased to 29.7 mb. This is an increase of 17.9 mb compared to the 
inert-core calculation. This increase is significantly larger than the 6  mb increase found 
in this work. The calculation of Batham et al implicitly includes breakup to all final 
states. As described in section 6 .2 , an extrapolation is included in order to include the 
contributions of breakup to core-valence relative angular momenta. However the calcu­
lation only includes the 0+ and 2+ core states. The experimental data of Maddalena et 
al shows a significant partial cross section of 33 mb for breakup to core states tha t are
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Calculation 0 + 2 + E %
Howell et al 7 45 52 63
Summers et a l [43, 44] 6 40 46 55
Batham et al [42] - - 59.4 72
EXP [15] 2 2 (1 1 ) 60(12) 82(16) -
Table 8 .8 : Comparisons of calculated dynamic-core theoretical single-nucleon 
knockout cross sections with experiment. The final column represents the in­
clusive theoretical cross section as a percentage of the measured experimental 
value.
higher in energy. The 4+ core state at 4.142 MeV [105] may play an important role in the 
calculation and is implicitly included in the work of Batham et al In order to treat this 
state in a consistent manner and satisfy orthogonality, it must be included in the bound 
and scattering state wave functions. Although there is no reason why this state cannot 
be included within the formalism of Chapter 5, this makes the model space too large to 
be practically calculated on the current computing setup.
A comparison of the calculated dynamic-core theoretical single-neutron knockout cross 
sections and the experimental data is shown in Table 8 .8 . The results of Howell et al 
and Summers et al [44] include the stripping contributions from Table 8.5. The result 
of Batham et al contains the stripping cross section calculated in that work [42]. The 
calculation of Howell et a l presented in this work is truncated at 7 ^ =  2+. The calcula­
tion of Batham et al [42] uses the closure relation so implicitly includes all core states 
in the inclusive cross section. It is therefore unsurprising that it gives the largest value 
for the cross section as it includes breakup to the 4+ core state which isn’t  included in 
the experimental data in Table 8 .8 . The results of Summers et al [44] listed in Table 8 . 8  
includes continuum coupling. Summers et a l find a 5 mb cross section for breakup cross 
to the 4+ core state but this is not listed in Table 8 .8 . The eikonal calculations of Howell 
et al and Batham et al each only include nuclear breakup. The calculation of Summers 
et al includes Coulomb breakup coherently. This is expected to be a small contribution 
due to the light projectile and target nuclei.
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Chapter 9
Conclusion
When considering the breakup of weakly-bound few-body projectiles, traditional calcula­
tions assume the core is an inert body that acts as a spectator and is, at most, scattered 
elastically [36]. Each final core component is therefore assumed to be pre-formed in the 
initial projectile. Partial cross sections for breakup to particular core states are thus 
calculated from an incoherent sum of single-particle cross sections weighted by appropri­
ate spectroscopic factors [17]. This method has been successfully applied to reproduce 
inclusive experimental cross sections for single-nucleon knockout [16, 19, 34]. However, 
following the measurements of enhanced experimental partial cross sections [14, 15, 37], 
theoretical studies have shown that it is important to take into account the possibility of 
a collective excitation of the core when considering diffractive breakup [42, 44].
In this work, formalism has been developed to include a collective excitation of the core 
within an eikonal framework. A new expression has been derived for the cross section 
for elastic breakup to exclusive final core states (5.71). The projectile is described by a 
set of coupled-channels eigenstates of a valence nucleon weakly-coupled to a quadrupole 
deformed rotor. Multiple bound and scattering configurations of the two-body projectile 
are thus included coherently. This kind of particle-rotor approach has been successfully 
used to model weakly-bound nuclei of interest [77, 107, 76]. The core states are restricted 
to the =  0  ground state band and thus the core can be described by /  =  even spherical 
harmonics [79]. The potential for core excitation arises though interactions between the 
core and the target. These interactions are described by a core-target S  matrix tha t now 
depends on the orientation of the deformed core in addition to the core impact parameter. 
This S  matrix can couple together different rotational states of the core and facilitates 
excitation, de-excitation and re-orientation of the deformed core to all orders.
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The cross section for elastic breakup, including core-excitation, is solved numerically 
using the new computer code b r e a k u p . T o test the accuracy of the new model, calcu­
lations are performed for the elastic breakup of ^^Be and on a ^Be target. In each 
case, the core is treated as an inert spherical body. There are significant contributions to 
the cross section from elastic breakup to core-valence relative orbital angular momenta 
as high as 7 =  1 0 . Calculations become computationally more difficult when considering 
breakup to increasingly higher core-valence relative angular momenta. Therefore, contri­
butions to the cross section from elastic breakup to 7 > 1 0  are included by extrapolating 
the cross section as a function of 7. This results in elastic breakup cross sections that 
are in agreement, within 1  mb, with the equivalent inclusive elastic breakup calculations 
(4.29) performed with the code N T R  [95] using identical wave functions and S  matrices.
The new formalism is used to study the results of two experiments. The first is single­
neutron knockout from ^^Be on ^Be at 60 MeV per nucleon [14]. In the single-particle 
analysis of Aumann et al. an estimate of the inelastic excitation of the core is needed to 
explain the 2+ partial cross section. The second reaction is the breakup of on ®Be 
at 62 MeV per nucleon [15]. Using a spectator-core approach it is difficult to reconcile 
the large 0 + partial cross section with the small spectroscopic factor for finding this core 
state in the initial projectile. For each of these reactions three calculations are performed, 
following the analysis of Summers et al [43, 44]. The first calculation is the method tra ­
ditionally used in the literature. Partial cross sections are constructed from an incoherent 
sum of single-particle cross sections multiplied by appropriate spectroscopic factors (2 .2 ). 
In the second calculation, the projectile is described by a set of coupled-channels wave 
functions. The core is still considered to be inert but interference between the multiple 
projectile configurations is included. In the final calculation, the projectile is described 
by a set of coupled-channels wave functions and the core can dynamically excite during 
the reaction process.
In the case of ^^Be, the coupled-channels dynamic-core calculation is in agreement with 
the inclusive experimental cross section for single-neutron knockout. The 0+ partial cross 
section is in agreement with the experimental value. The 2+ partial cross section is within 
1 mb of the experimental value. Each inert-core calculation under-predicts both the 0+ 
and 2+ experimental partial cross section. It should be noted that in order to compare 
with the experimental single-neutron knockout cross sections, a single-particle inert-core 
calculation of the stripping cross section is included. Previous theoretical studies have 
shown that the effects of core excitation on stripping are small [41, 42].
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The difference in the inclusive elastic breakup cross section between the single-particle 
approach and the coupled-channels inert-core approach is <  10%. The coupled-channels 
calculation is far more severe than the single-particle method. It is necessary to consider 
whether this difference merits such an elaborate calculation, especially considering the 
errors on the experimental partial cross sections are >  15%. The difference between the 
single-particle inclusive elastic breakup cross section and the coupled-channels dynamic- 
core inclusive elastic breakup cross section is 20%. In the dynamic-core calculation the 
additional core degree of freedom has provided a method by which energy can be trans- 
fered to the projectile from its relative motion. As the projectile is weakly-bound, the 
dominant effect of this energy transfer is breakup. The extra breakup events correspond 
to projectiles that are, at most, scattered elastically in the inert-core case.
The increase in cross section in going from an inert-core calculation to a dynamic-core 
calculation is in reasonable agreement with the eikonal calculations of Aumann et al.
[14] and Batham et al. [42]. Consistent with the XCDCC calculation of Summers et al. 
[43, 44], including dynamic core excitation has a larger absolute effect on the 0+ partial 
cross section than on the 2 + partial cross section.
In the case of ^^C, the majority of the 0+ elastic breakup partial cross section comes 
from breakup due to the presence of a dynamic core. The coupled-channels dynamic-core 
0+ partial cross section is a factor of 5 times larger than predicted using the traditional 
single-particle inert-core approach. However, the calculations still under-predict the ex­
perimental data. This is consistent with the theoretical approaches of Batham et al. [42] 
and Summers et al. [44].
The increases in the elastic breakup partial cross sections due to the addition of core- 
excitation are in agreement with those of Summers et al. [44]. The coupled-channels 
inert-core inclusive cross section is in reasonable agreement with that of Batham et al. 
[42]. However, in the work of Batham et al., the increase in the inclusive cross section 
due to the addition of core-excitation is significantly larger than that found here. This 
suggests the 4+ core state, included implicitly in the inclusive calculation of Batham et 
al. but not considered in this work, may play an important role in the reaction.
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9.1 Summary
• A new expression has been derived for the cross section for elastic breakup of 
a two-body projectile to exclusive final core states within an eikonal framework. 
The projectile is modelled as a set of coupled-channels eigenstates of a nucleon 
weakly-bound to a deformed rotor. Interactions between the core and the target 
are modelled by a deformed core-target S  matrix that can couple different rotational 
core states thus providing a mechanism for core excitation.
• The additional core degree of freedom has provided a method by which energy can 
be transfered to the projectile from its relative motion. As the projectile is weakly 
bound, the dominant effect of this energy transfer is breakup.
•  In the case of single-neutron knockout from ^^Be and going to a coupled- 
channels dynamic-core model from the single-particle spectator-core approach tra­
ditionally used in the literature has increased the inclusive elastic breakup cross 
sections by 2 0 %.
9.2 Future Work
A further step would be to perform a dynamic-core calculation of the breakup of ^^Be 
with the potential parameters chosen to reproduce the main features of the ^°Be 4 - n en­
ergy spectrum. In particular it would be interesting to see whether potential parameters 
can be chosen in order to reproduce the resonance at 2.88 MeV thought to be built on 
the 2 + core state [2 1 ].
A ppendix A
Angular M om entum  Coupling 
Coefficients
A .l  Spherical Harmonic Relations
Yaa{r)Ybp{r) = V  ~^^{aObO\cO){aabf3\cj)Y^{r). (A.3)
^  V47TC
/ d f}^(f)}Ç ^,(f) =  (A.4)
A.2 M anipulation of Angular M om entum  Coupling  
Coefficients
{aab/3\cj) = (—l)“+^~^(a — ab — (d\c — 7 ). (A.5)
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{aah(5\c^) = {—l y  “?(ao;c — 7 | 6  —/3). (A.6 ).
b
{aabj3\cj) = (—1)“+^  ^{bpaa\cj). (A.7)
{aab/3\c^) = (—l)^+^^(c — 7 6 /) |o — a). (A.8 )
(aaby\c-f) = (-1 )°  | ^ | - (A.9)
\ a  P J
e /)  =  6 c). (A.IO)
a b c \  ( c  a b \ _ ( b c  a 
a P ^  \  j  a  P J \  P ^  a
(A .ll)
a 6  c ^ a 6  c
a P ^  I \  —a ~P  - 7  J
'  '  4 = ( - D - -  y  '  . (a .13)
a  P ^  I \  P a  'y J
A.3 Reduction of Angular M om entum  Coupling Co­
efficients
^(aa '6 /? '|c7)(aa6/3 |c7) =  (A. 14)
cy
y^^{aabp\cy){aabp\cy') = (A. 15)
a/3
y^^{aabp I ee) {eedô 10 7 ) (bpdô\fp) =  e/(aa/</)|c7 )W (a 6 cd; e /) . (A.16)
E
(j)U Ô p
c /  %
'J (f) 1/
= E&
b/3
a d g
p 7; z/
a p J
(A.17)
A ppendix B
Wave Function M anipulation
B .l  Simplified Scattering Wave Function
The time reversed scattering wave function, can rearranged into a more simpli­
fied form. The initial expression is
C l
X  (£ 2 ^ 2 ^  ~  <^21/2^2)02^^272 — /i2 |'7iAfi)
X y e U A - k ) r ^ 2 x A r ) x l M J ^ ) f t A A > '’^h), (B .l)
where the sum runs over ci =  {£i)^iji'miJiMi£2X20'2j2'n^2l2f3'2}- Using the spherical 
harmonic relations (A.l) and (A.2 ) and changing the sign of the £ 2  projection A2 — A2 
throughout gives
C l
X  [£2 — A 25 —  <721/ 2^ 2)  ( j 2 ^ 2 7 2  — / l 2 \ J l X d i )
X  y « .-A ,(fc A )y ,; ,,( f )x U n ;^ ,(f i) / iy ,(r ,fo j. (b.2)
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rearranging the third and fourth Clebsch-Gordan coefficients using (A.5) and letting
m 2 —m 2 and Ml —M i gives
/ ( —) / l *  _  \  ^ / ^ \y ^2 - |-c r2 —A 2 + ^ 2 + 7 2 - / X i—( T l+ A l—J l + S + £ l ^ ^ l
r ki^ yLtiCTi /  V \ /
Cl
X ( f y A is  — c T i | / i m i ) ( / i m i / i  — / / i |  J i  — M i)
X ( ^ 2  A2 gO"2 |/2M%2) (/2M^ 2l2/^ 21 Mi)
X (B.3)
The phase factor can be reduced
 ^ 2^^M2+CT2 —A2 —0"1 — ^ / X 2 —CT2 —A2+CT1
=  ( - 1 ) " '- " ' .  (B.4)
Writing the scattering wave function in terms of angular momentum eigenstates
y  '^^Ç_j^' jai-Mi-/ j , i+Xi-Ji+s+£2+l2+£i^£i  
C2
X  ( £ i A i s  — c r i |j i7 n i) ( / i? 7 7 .i / i  — i i \ \ J i  — M l )
X (B.5)
where C2 =  {^lAijimi J iM i4 / 2 7 2 }. Now let mi —mi and Ai —Ai
, { —) h *  _  \  M l —/ i i —A l —J i + s + 7 2 + / 2 + 7 i ^ 7 i
r klj^/XlCTl /  .V '  '
C2
X  [£i  — A i5  — cT i|/i — m i ) ( / i  — m i l l  — p i \ J i  — M i )
X (B.6 )
Using (A.5) to change the signs of the projections in the Clebsch-Gordan coefficients
, { - ) h *  _  \  ^Ncri-Mi-/ii-Ai-2Ji+27i+2s+72+/2+7i^7i
f ki^ /zicri /  V ' '
C2
X ( £ i X i S ( J i \ j i m i ) { j i m i I i i i i \ J i M i )
X (B.7)
Looking at the phase, as s and Ji are half integers 2s — 2Ji = 0 then 2s and 2Ji are both
odd so
_  1  (B.8 )
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Also, as £i is an integer
(-1 )%  =  1. (B.9)
Furthermore
^ i l 7 i —/xi—Al _  ^
= 1. (B.IO)
This leaves the neater and more compact form of the scattering wave function
C2
X (B.ll)
where we are reminded that C2 =  {^lAi/imi J iM i7 2 / 2 7 2 }.
B.2 Overlap of Bound and Scattering States
The overlap of the bound (5.7) and scattering (5.45) wave functions is
X (7 i A l go-1 | / i  m i  ) ( / i  m i  7 i  /7 i I J i  M l  )
X }^iAi(^7i)y&;Ai(GW c/i:(r)
summed over fyAi/imi J 1 M 1 A 2 A 0 . Using the orthogonality of the basis of total angular 
momentum eigenstates (5.9)
=  47T ^  (-l)^U^'(7iAiSo-i|/imi)(jimi/i/ii|JoMo)y^iAi(^7i)
7iAijimi
X J r ^ d r f i l .^ ^ p ,k j ,) U il{ r ) .  (B.13)
Ao
Where the total projectile spin is the same in the final state as in the initial bound state,
i.e. Ji = Jo, the orthogonality comes from the orthogonality of the bound and scattering
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radial wave functions. When considering breakup from a projectile with total spin Jo in 
the initial state to a different spin Ji ^  Jo in the final state the orthogonality comes from 
the orthogonality of the total angular momentum basis states.
93
A ppendix C
SrpQ{bc) Correction
C .l Formalism
The core impact parameter is be =  {be, 4>c} where (f)c is the angle between be and the
ar-axis. In equation (5.61) it has been assumed that the direction of the be coincides with
the æ-axis {(f)c = 0). Generally this is not the case and
5TQ(bc) =  e‘«^'5rQ(6c,b; =  b), (C .l)
where
STQ{bc^^c =  b) =  - j =  J  dÙSc{hc,Cl)YTQ{Ù).  (C.2 )
The integral in Ù is over the spherical polar angles 9çi and (f)Q which define the orientation 
of the deformed core. In this general case the phase resides in the integral (5.63)
=  / * F „ ( f )e ‘«^“5rQ(6c,b; =  b)5„(6.)/i^^^^,(r,A:7jl7i»(r). (0.3)
As noted in Section 6.1, the integral evaluated in spherical polar
coordinates. The cm impact parameter b  is chosen to be along the a;-axis, this is shown in 
the Figure 6.2. This means the angle (j)c is now the angle between the impact parameters 
b  and be. Neglecting this phase factor (for Q 0) therefore assumes that (f>c = 0 i.e. the 
core and cm impact parameters point in the same direction. In the numerical approach, 
presented in section 6 .1 , the phase factor appear in the cf) integral and thus ^gTQ{b,s)
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(6.5) becomes
s) = /  d<t>SAv)STQ{ba, be =  b)e'("»+Q'^'). (C.4)
Jo
The angle 0c can be evaluated using the cosine rule. From Figure 6.2 it can be seen that
{pcS^ = 6  ^+  6  ^— 266c cos 0c- (C.5)
Substituting in for {pcS^ from Equation (6.7)
6 g — 6  ^ +  2pcbs cos 0  =  6  ^+  6 g — 266c cos 0 c. (C.6 )
Rearranging (C.6 ) gives
=  (C.7)
C.2 Analysis
As the ratio A d  Ay increases, i.e for a heavier core, then the angle between be and b  
decreases and the approximation that 0c =  0 improves. For the nuclei examined in this 
thesis A c »  Ay. In the inert-core case then T  = Q = Q and thus is unity. The 
integral (5.63) is only modulated in the dynamic-core case when Q 7  ^ 0.
From Figure 6.2 it can be seen that is unity for 0 =  titt. This represents the 
special case where the target, core and valence nucleon all lie on the x-axis and 0 c =  0 . 
For a fixed impact parameter 6 , the angle 0c increases as 5  increases. The approximation 
that 0c =  0 therefore becomes worse for large values of s. However, this region does not 
contribute to the integral (5.63) because, as seen from Equation (6.2), large values of s 
are killed off by the finite range of the bound state wave function. Examining the case 
where s is fixed, then 0c becomes larger as 6  decreases. However, contributions to the 
integral from these small impact parameters are killed off by the fact that <Stq(6c) —> 0 
as 6 c 0 .
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C.3 Num erical Results
In order to examine the effect of making the approximation that (pc = 0 on the results 
presented in this thesis, a further calculation of the breakup of ^^Be is performed. The 
parameter are taken from Section 7.1. In this simple test, the model space is truncated 
at j f  =  5/2+ and the 0+ partial cross section is examined for the case where the core is 
considered to be dynamic. It has already been mentioned that the addition phase factor 
is always unity in the inert-core case. In this dynamic-core case any contributions to the 
cross section that involve |Q| > 0 will be affected by this extra phase. It is found that 
adding the to equation (6.5) has an effect of < 0.1% on the partial cross section.
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